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Abstract 
Development of Nanomaterials: Complex Mesoporous Silicas and Highly 
Functional Multi-responsive Hybrid Nanogels 
 
By 
Jinhui Yi 
Advisors: Professor Michal Kruk 
                 Professor Shuiqin Zhou 
The research work in this dissertation describes the study of the applications of polymers in 
several important areas. Two synthesis methods for bicontinuous cubic KIT6 silicas with block 
copolymer Pluronic P123 as templates were developed, expanding the range of available pore 
size and enchancing mesopore volume. In addition, two types of drug delivery systems were 
developed based on polymer nanoparticles. 
In Chapter 2, it was shown that the addition of a suitable swelling agent at temperatures 
somewhat lower than those typically used in the syntheses of silicas with cubic Ia3d structure 
(19−25 °C vs 30−35 °C) allows one to induce the formation of highly ordered cubic Ia3d phase 
THE CITY UNIVERSITY OF NEW YORK 
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in the presence of SDS. The swelling agents 1,3,5-triisopropylbenzene (TIPB), 1,3,5-
triethylbenzene, and 1,4-diisopropylbenzene were found to be suitable. Our swelling-agent-based 
synthesis of phase-pure highly ordered KIT-6 is capable of providing exceptionally high 
mesopore volumes (above 1.5 cm3/g) and high surface areas (850−1050 m2/g). Moreover, the 
swelling-agent-enhanced synthesis of the cubic Ia3d silica works in a rather wide condition.  
In Chapter 3, in the presence of butanol, the use of Pluronic P123 as a micelle template 
allowed us to synthesize the silica with well-defined bicontinuous cubic Ia3d structure with large 
or even unprecedented pore size at or below room temperature. The sequence of addition of 
reagents to the surfactant solution was tetraethyl orthosilicate (TEOS), TIPB and then butanol. 
The synthesis method was proved to be reproducible, even though a slight adjustment of the 
amount of TIPB may be needed when different batches of surfactant Pluronic P123 were used. 
Similar to the SDS-assisted (SDS: Sodium dodecyl sulfate) synthesis method for bicontinuous 
cubic KIT-6 described in Chapter 2, the lowering of the initial synthesis temperature 
accompanied with the gradual increase of TIPB and BuOH is a feasible way to enlarge the pore 
size in this butanol-assisted synthesis method. In the hydrothermal treatment temperature range 
of 100 – 130 oC, it was found that bicontinuous cubic KIT-6 samples were obtained and higher 
hydrothermal treatment temperature leads to a larger pore diameter and pore volume. It also 
should be noted that, compared to the previous reported synthesis methods for bicontinuous 
cubic KIT-6 silicas which afforded samples with a pore diameter up to around 12 nm, the present 
butanol-assisted synthesis method achieved much a larger pore size up to ~ 15 nm. 
In Chapter 4, a type of multifunctional hybrid microgels was successfully prepared using the 
simple one-pot free radical dispersion polymerization of the rationally designed hydrogen-
bonding complexes. The reversible glucose-sensitive volume phase transition of the poly(4-
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vinylphenylboronic acid-co-acrylamide) (poly(VPBA-AAm)) microgel network can modify the 
physicochemical environment of the embedded carbon dots (CDs) and thus manipulate the near 
infrared (NIR) upconversion fluorescence intensity of the hybrid microgels, which can sense the 
glucose concentration change in a clinically relevant range at physiological pH. The porous 
poly(VPBA-AAm)-CDs hybrid microgels provide a high loading capacity for insulin molecules. 
Furthermore, the insulin release rate from the hybrid microgels can be triggered by the glucose 
concentration in the dispersion medium. The increase in glucose concentration speed up the 
insulin release. The hybrid microgels exhibit no cytotoxicity to both healthy (HEK293T) and 
tumor (4T1 and B16F10) cells in the concentration range of 12.5−100 μg/mL.  
In Chapter 5, a core-shell structured hybrid nanogels composed of a hydrophobic CDs-poly(4-
allylanisole) hybrid nanogel as core and temperature-/pH-dual responsive CDs-polyethylene 
glycol-chitosan nanogel as shell can be synthesized in aqueous phase based on the precipitation 
polymerization of nonlinear polyethylene glycol (PEG) monomers complexed with CDs and 
chitosan. The hybrid nanogels exhibit dual-responsive volume phase transitions with the most 
distinct volume change occurring from temperature of 30 to 36 and pH of 5.0 to 6.5. The 
resultant CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels was able to enter into 
cells and light up the interior of cells benefited from the bright fluorescence of CDs embedded in 
the nanogel. The core-shell hybrid nanogels with poly(4-allylanisole) network core display very 
high drug loading capacities for the extremely hydrophobic curcumin because of the rationally 
designed - stacking and hydrophobic association between curcumin molecules and the anisole 
units, which can be also extended to load other hydrophobic drug such as doxorubicin (DOX) at 
high capacities.  The core-shell hybrid nanogels are nontoxic to cells, but can carry high dose of 
drug into cancer cells and release them in a sustained manner to kill cancer cell effectively. 
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Compared to the same dose of free drugs, the drugs encapsulated in the core-shell nanogels 
provide a much high therapeutic efficacy against cancer cells. 
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1.1 Ordered mesoporous silica 
Silica is a chemical compound consisting of silicon and oxygen with the chemical formula 
SiO2 (Figure 1.1a) and one of the most complex, abundant families of materials considering 
silica’s various structures, synthetic methods, and applications. The abundant silica structures 
include orthorhombic, tetragonal, tetragonal, cubic, and so on, but silica is usually amorphous, 
and in such a case, it may exhibit nanoscale ordering, including 2-D hexagonal (Figure 1.1b 
SBA-15 mesoporous silica). 
 
Figure 1.1 (a) Silica network structure, (b) hexagonal structure of SBA-15 mesoporous silica. 
There are plenty of silica products commercially available and widely used in our society, 
including construction industry like Portland cement, precursor to glass and silicon like glass for 
windows and optical fibers for telecommunication, major component used in sand casting due to 
its high melting point, and food and pharmaceutical applications like flow agent in powder foods. 
And most of silica is obtained via mining and purifying quartz. For advanced scientific and 
industrial applications, abundant types of synthetic silicas (silica gels, silica nanoparticles, and 
mesoporous silicas) were developed. 
1.1.1 Development of Silicas 
Nowadays, due to rapid development of nanotechnology in all important fields of science and 
technology like catalysis and biology, a lot of achievements of nonporous silica nanoparticles 
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have been reported. Meanwhile, because of unique beneficial properties like large surface-to-
volume ratio of mesoporous materials and easy manipulation of mesoporous silica’s structure, 
mesoporous silica has become a very popular research field.  
(1) Nonporous silica nanoparticles 
Like many other nanomaterials, silica nanoparticles have large surface area which is very 
useful to accelerate reactions or attach functional groups. Besides, silica is very inert so that it 
has no effect on many reactions and makes things less complex. Nonporous silicas can serve as 
fillers in engineering composites 1-4, drug delivery platform 5-7, platform for fluorescence 
imaging at the cells and small animal levels 8, 9, detector of ionic species 10, and so on.  
While this area of research is vast, the following examples illustrate the versatility and 
usefulness of non-porous silica particles. To better understand the effect of nonporous silica on 
the properties of polymer composite materials and study physical and/or chemical mechanism, 
Palza et al. 4 synthesized spherical and layered silica nanoparticles via sol-gel method which 
were blended with a polypropylene matrix. By analytical techniques like transmission electron 
microscopy and thermogravimetric analysis, it was found that silica nanoparticles were dispersed 
in the polymer matrix and afford larger thermal stability to polymer materials under oxidative 
conditions than in inert atmosphere. It indicated a possible explanation that surface of silica 
nanoparticles absorbed volatile species physically or chemically under oxidative conditions. In 
addition, polymer composites blended with spherical silica nanoparticles showed a larger elastic 
modulus than those mixed with layered silica nanoparticles due to polymer/particle entanglement. 
In the case of application in drug delivery, it is important to understand that, in the case of 
porous particles used as drug carrier, drug molecules are entrapped in the interior of the pores 
and released mainly by diffusion, while there are two ways for nonporous nanoparticles to load 
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release molecules. One is that drug molecules are trapped in the nonporous particles and released 
with the degradation of particles. The other one is that drug molecules are conjugated with 
functional groups on the particles’ surface and released with the breaking of the linkers. Barbe et 
al. 6 reported a drug-delivery system with silica particles. Compared to the organic drug-delivery 
systems, silica particles afforded a thermally and chemically stable, “stealth” to the immune 
system, biocompatible alternative, which addresses limitations of some organic materials. The 
method used to prepare silica particles encapsulating bioactive molecules was the emulsion 
chemistry, which offered homogeneous drug distribution and ambient temperature processing 
compared to spray-drying preparation. What is more, the size of silica particles was very easy to 
control, which is very important for drug carrier in human metabolic system.  
Some research is focused on silica nanoparticles’ application in imaging. A noninvasive and 
real-time visualization of life activities in vivo is very vital to exploit the mystery of life. Stable, 
biocompatible, and highly-sensitive imaging techniques are required 8. He et al. 9 synthesized 
successfully series of fluorescent dye-doped silica nanoparticles. By introducing two near-
infrared dyes to silica nanoparticles instead of one (used in the most previous studies) which 
could lead to crosstalk between excitation light and emission signals, larger Strokes shift was 
obtained so that fluorescence of interest became easier to be discriminated over other 
background signals.  
As a promising material with versatile applications, silica nanoparticles also are used as a 
sensor for pH change, or chemicals like ionic species 10-12.  Peng et al. 11 developed silica 
nanoparticles doped with fluorescein isothiocyanate (FITC) and tris(2,2′-bipyridyl) 
dichlororuthenium (II) hexahydrate (RuBPY). The silica nanoparticles had an average diameter 
of 42 nm and were highly reversible and sensitive to a dynamic pH range between 4 and 7 in 
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with a response time of less than 1 second. They were successfully used to detect lysosomal pH 
changes in murine macrophages and intracellular acidification in apoptotic Hela cells. Seo et al. 
12 reported fluorescein-functionalized silica nanoparticles used in selectively imaging of copper 
ions in living cells. So, they can be used to detect copper ions in the presence of other metal ions 
visually via imaging. These examples illustrate the research on non-porous silica particles. 
Below, it is discussed that the presence of pores in the particles opens a range of additional 
opportunities.  
(2) Mesoporous silica 
Mesoporous silica is a form of porous silica. Based on the pore size, porous silicas are 
classified as microporous (< 50 nm), mesoporous (= 2-50 nm), and macroporous (> 50 nm). 
Surfactant templating is a useful method to prepare silicas with various of structures (Figure 1.2). 
Mesoporous silicas with disordered pore systems were the only mesoporous silicas known until 
1992, when Mobil Corporation researchers first reported ordered mesoporous silicas called 
Mobil Composition of Matter (MCM). Their discovery included MCM-41 silica with 2-
dimensioanl (2-D) hexagonal structure of cylindrical mesopores, as well as MCM-48 silica with 
cubic Ia3d symmetry, which has pores resembling double-gyroid system of approximately 
cylindrical pores with three way intersections. Later, researchers at University of California, 
Santa Barbara invented the so-called Santa Barbara Amorphous type material (or SBA, including 
SBA-15 with 2-D hexagonal structure of cylindrical pores (like MCM-41), but with connections 
in the walls) 13-15. With decades of development, various types of ordered mesoporous silica 
structures have been reported and many of them were extensively studied (Figure 1.2). 
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Figure 1.2 Part of typical mesoporous silica structures like FDU-12, SBA-15, and KIT-6 
Compared to nonporous silica nanoparticles, the applications of mesoporous silicas in many 
areas have some advantages so that they attract much more researchers’ attention and more 
research achievements are reported. First, the clearest difference between these two types of 
silica materials is mesoporous silicas have pores which make they are a good choice as drug 
carriers and scaffolds. Drugs are encapsulated in nonporous silica nanoparticles during the 
synthesis of silica nanoparticles while mesoporous silicas can be loaded with drugs after the 
synthesis reaction, so in the former case the synthesis conditions of nonporous particles limit 
drug candidates which are very sensitive to loading conditions and unstable. These limitations 
are much less important in the case of porous silica particles. Second, pores of mesoporous 
silicas lead to a large ratio of surface area to volume so that they have high loading capacity of 
drugs and/or catalysts. At last, structures of mesoporous silicas (like pore size and structure type) 
are in some cases easy to control.  
Due to good control of particle size, structures (like disordered, hexagonal, cubic mesophases), 
and pore morphologies (like spheres, tubes, and gyroids) via selection of the reaction conditions 
(including temperature, pH, feeding ratio of various compounds, and the reaction time) 16-18, 
mesoporous silica is increasingly important in areas of adsorption, catalyst, optical sensing, drug 
delivery, bioimaging, and scaffolding 19-26.  
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Ordered mesoporous silicas can also be components of more complicated architectures. For 
instance, considering abundant of heavy metal ions in water which are harmful to human health 
and ecological system, Weijie Yang et al. 19 prepared a diamine modified mesoporous silica on 
carbon nanotubes to adsorb heavy metal ions in aqueous solution. Compared to previously 
reported mesoporous silicas, the modified silica material had quicker mass transfer and 
maximum adsorption of copper ions which makes it a promising material as absorbent of heavy 
metal ions. 
Except being used in absorbing chemicals like heavy metal ions and carbon dioxide, modified 
mesoporous silicas also are widely used as optical sensor. Swarup Kumar Maji et al. 22 
immobilized ultrasmall gold nanoparticles ( ̴ 3 nm) onto periodic mesoporous silica to introduce 
optical and electrocatalytic properties. The mesoporous silica-based hybrid sensor showed a 
sensitive and selective detection of hydrogen peroxide (H2O2) with low detection limit, large 
linear detection range, and good sensitivity. What is important and interesting, due to the 
sensor’s nontoxicity, it was successfully used to sensitively detect a trace amount of hydrogen 
peroxide released from living tumor cells. 
1.1.2 Synthesis Methods of Mesoporous Silica 
Due to silica nanoparticles’ valuable and versatile applications, a lot of research was focused 
on studying the synthesis methods of nonporous silica nanoparticles and modification of the 
surface to explore their potential values. Self-assembly, modified Stober method, soft and hard 
templating, modified aerogel, and dissolving-reconstruction are the methods used in synthesis of 
mesoporous silica 27. Copolymer templating method is one of the most important methods in the 
synthesis of mesoporous silica due to its good control on mesostructures, morphologies, and 
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dimensions by adjusting the reaction conditions including pH value, synthesis temperature, 
amount of reagents, addition sequence, and silica source. 
Block copolymer templating method is popularly used in the synthesis of 2-D hexagonal 
SBA-15. Yu et al. 28 used triblock copolymer EO20PO70EO20 (P123) as a template to synthesize 
highly ordered mesoporous SBA-15 silica rods with high yield. Ding et al. 29 successfully 
prepared SBA-15 silica with tunable pore length using copolymer P123 in the absence of the 
inorganic additive KCl, which was used in Chengzhong Yu’s synthesis method. Wang et al. 30 
prepared SBA-15 with thick pore wall and high thermal stability with the copolymer template. 
Copolymer templating method also is used in the preparation of face-centered cubic FDU-12 
silica. Yu et al. 31 synthesized ordered large cage-type mesoporous silica FDU-12 with triblock 
copolymer poly(ethylene oxide)- b-poly(propylene oxide)-b-poly(ethylene oxide) Pluronic F127 
(EO106PO70EO106) and studied the process of pore cage expansion and entrance enlargement. 
Tang et al. 32 synthesized highly ordered FDU-12 and observed the phase change from hollow 
nanospheres to FDU-12 in the presence of copolymer Pluronic F127 with the aid of inorganic 
salts under mild acidic concentrations. 
The synthesis of bicontinuous cubic KIT-6 with triblock copolymer Pluronic P123 as a 
template also was studied and reported by several research groups 33, 34. However, compared to 
other structures like SBA-15 and FDU-12, very limited synthesis methods of KIT-6 were 
reported due to the KIT-6 structure’s relatively high sensitivity to synthesis conditions and 
narrow ranges of conditions, which can afford highly ordered bicontinuous cubic KIT-6. The 
KIT-6 silica has very narrow pore size distribution and large pore volume, which is good for 
applications that require large space like drug loading and gas adsorbing. Here, two new 
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synthesis methods for KIT-6 are introduced in Chapters 2 and 3. What is more, the synthesis 
involves a micelle swelling agent and the pore volume and size are enlarged. 
1.2 Responsive microgels 
1.2.1 Definition of responsive microgels 
Microgels are a kind of crosslinked macromolecular networks swollen by the solvent that they 
are dispersed in. The size of microgel particles ranges from several micrometers to nanometers at 
which sometimes they are called nanogels. Different from the flexible linear polymers in solvent, 
the viscosity of microgel is very low even at high concentrations. The cross-linkages of the 
polymer chains can not only provide structural integrity, but also control the porosity (mesh size), 
softness, and deformability of the polymer networks.  Responsive microgels are network 
polymer colloid particles that can swell and shrink in a solvent to change the porosity and shape 
in response to external stimuli such as a change in pH, glucose concentration, temperature, metal 
ions, light, and electric field. The stimuli-responsive properties of microgels have attracted a 
great deal of research interests due to their potential important applications in materials science, 
chemical process, and biomedical fields.  
1.2.2 Preparation of polymeric microgels 
There are many methods to prepare polymer microgels, including solution preparation, 
emulsion polymerization, microemulsion polymerization, emulsifier-free emulsion 
polymerization, dispersion polymerization, and precipitation polymerization. Selection of the 
specific preparation method depends on what building blocks are used for the polymer microgels. 
While most polymer microgels are prepared from the polymerization of small molecular 
monomers and crosslinkers, natural polymers such as polysaccharides and polypeptides can be 
also selected as the building blocks for different functionality. Depending on the selection of 
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building blocks (subsequently different reactivity of monomers/crosslinkers), reaction sequence, 
and reaction conditions, many important parameters of microgels such as size, shape, swelling 
degree, density distribution, and architecture can be well controlled. Even for homopolymer 
microgels, specific internal structures such as core-shell structured with higher polymer segment 
density in the center of particles or hollow structured with lower polymer segment density in the 
center of particles can be synthesized.    
Among the above mentioned synthetic methods, precipitation polymerization is one of the 
most commonly used and important methods in preparation of microgels. Precipitation 
polymerization is a heterogeneous polymerization process. The polymerization system with 
monomers and crosslinkers dissolved in solvent (mostly water) is homogeneous at the beginning. 
After initiating the polymerization and crosslinking, the monomers turn into polymers, which are 
insoluble in solvent under the polymerization conditions and thus the polymerization system 
becomes heterogeneous. After this initial nucleation stage, the freshly polymerized polymer 
chains/segments add onto the preformed nuclei, leading to a continuous growth of the microgel 
particles until the completion of the polymerization of remained monomers. The simultaneous 
crosslinking during the formation of these polymer chains maintain the integrity of the polymers 
as a crosslinked chain network, which can swell under suitable conditions.  Precipitation 
polymerization is a unique and useful method of preparation of monodisperse microgels with 
only little amount of surfactant molecules needed to stabilize the microgel particles under 
synthetic conditions 35-38. The amount of surfactant can determine the number of initial nuclei 
particles formed at the early stage of reaction, and thus can tune the size of the resultant microgel 
particles.  
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The advantages of this polymerization method include simplicity of polymerization, usage of 
little or no surfactants or stabilizers, less limitation on the degree of crosslinking, good control of 
the particle size and morphology 39-41.   
The most common example to synthesize polymer microgels using precipitation 
polymerization method is based on the thermosensitive polymers. For example, poly(N-isopropyl 
acrylamide) (PNIPAM) microgels can be easily synthesized in water from the polymerization of 
NIPAM monomers based on precipitation polymerization method. The N-isopropylacrylamide 
(NIPAM) monomer is water soluble while the long PNIPAM polymer chain is insoluble in 
aqueous solution at the synthetic temperature (~ 70 oC) which is above the lower critical solution 
temperature (LCST, ~ 32 oC for PNIPAM). LCST is the critical temperature below which the 
components of a mixture are miscible. Another type of thermosensitive polymers are nonlinear 
poly(ethylene glycol) (PEG), which shows a range of adjustable LCST depending on the graft 
PEG chain length in each macromolecular PEG monomers. Another great advantage of the 
precipitation polymerization is that many other functional comonomers such as acrylic acids, 
methacrylic acids, vinylboronic acids, and alkylacrylamide can be incorporated into the polymer 
chains chemically via copolymerization to provide additional responsiveness of the resulting 
microgels to different external stimuli for important functions.  Furthermore, other functional 
nanoparticles such as optically active inorganic nanoparticles and carbon-based nanoparticles can 
be also incorporated into the microgels in situ during the synthetic process.  
1.2.3 Application of responsive microgels 
Volume phase (or swell/shrinkage) transitions of responsive polymer microgels can be 
induced by external stimui, such as a change in temperature, pH, glucose concentration, 
concentration of metal ions, light exposure, and electric or magnetic field strength. Microgels can  
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be mono or dual responsive depending on the functional groups/moieties on the polymer network 
chains, microgels can swell or shrink in response to either single or multiple stimuli from 
surroundings. The combination of many excellent materials properties into a single microgel 
particle has resulted in applications of responsive microgels in many areas, including drug 
delivery, biosensing, cell imaging, water purification, (bio)catalysis, and microreactor 42-48. For 
example, Wang et al. 42, 43 reported several multi-responsive microgels for detection of glucose 
and glucose-regulated delivery of insulin. The optical biosensor for continuous glucose detection 
consists of glucose-imprinted poly(N-isopropylacrylamide-acrylamide-vinylphenylboronic acid) 
[poly(NIPAM-AAm-VPBA)] copolymer microgels embedded with nanosized carbon dots. 
Glucose-induced volume phase transition of the copolymer microgels affects the fluorescent 
signal of the embedded carbon dots and then quantitatively indicates the glucose concentration 
over a clinically relevant range of 0-30 mM at physiological pH 42. The poly(4-vinylphenyl 
boronic acid-co-acrylamide) copolymer microgels embedded with carbon dots [P(VPBA-AAm)-
CD] can not only provide a high loading capacity of insulin, but also release the insulin drug in a 
well-controlled manner by either exposure to NIR light or increase in glucose level 43.  Hartanto 
et al. 45 used a highly responsive copolymer microgels of poly(N-isopropylacrylamide-acrylic 
acid) as draw agents in forward osmosis desalination system. The microgel-based forward 
osmosis process performed a high water flux up to 23.8 L/m2h and high water recovery ability of 
72.4%.  Cera et al. 46 developed a microgel-palladium nanocomposite as precatalyst in the 
copper-free Sonogashira reaction.  
As part of my thesis researches, two series of multi-responsive polymer microgels have been 
developed for biosensing and multi-responsive drug delivery. The details are introduced in 
Chapters 4 and 5.   
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2.1 Introduction 
Silicas of cubic Ia3d symmetry 1−5 (that is, with mesopores exhibiting a gyroidal structure 
separated by a wall that follows a minimal surface) 2,3 templated by Pluronic triblock copolymer 
surfactants have been studied very frequently over the past 13 years. 4,6−17 This is due to their 
great usefulness in the synthesis of inverse replicas of cubic Ia3d symmetry (or lower, I4132, 
symmetry) and of a variety of compositions (carbon, metal oxides, metals, and so forth) 6,8,18−28 
as well as in heterogeneous catalysis (due to large and uniform pore size, excellent pore 
accessibility, and resistance to pore blocking). 12,29−32 These materials are also useful adsorbents 
33,34 and media for immobilization of biomolecules. 35,36 The cubic Ia3d structure is known to 
form when Pluronic P123 surfactant is used under carefully selected conditions. This surfactant 
normally templates 2-D hexagonal structure with cylindrical mesopores (SBA-15 silica) under 
acidic aqueous conditions, 37 but several kinds of additives, including butanol, 6,8 anionic 
surfactants (for instance, sodium dodecyl sulfate, SDS), 9,11 sodium iodide, 7 and metal acetates, 
13 trigger the formation of the cubic Ia3d silica in a certain range of synthesis variables. The co-
condensation of the silica precursor with an organosilica precursor (triethoxyvinylsilane or 
phenyltrimethoxysilane) was also found to render the Pluronic P123-templated cubic Ia3d silica 
with pendent vinyl or phenyl groups. 12,16 Prior to these syntheses, ethanol-based solutions were 
used to obtain Pluronic-P123-templated cubic Ia3d structure in evaporation-induced self-
assembly process (EISA), when the silica precursor (tetraethyl orthosilicate) was co-condensed 
with mercaptopropyl-trimethoxysilane or when a small amount of an additive (benzene, toluene, 
ethylbenzene, xylene, and trimethylbenzene, TMB) was present. 4 However, the resulting 
structure had a signiﬁcant population of defects. 38 Silicas with cubic Ia3d structures were also 
obtained in concentrated solutions of Pluronic P123 surfactant in the presence of nonane or 
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TMB. 15 It is notable that the addition of TMB in the aforementioned butanol-based synthesis 
(involving a dilute surfactant solution) of the cubic Ia3d structure rendered disordered products. 
39 The other pioneering work on the synthesis of silicas with Ia3d symmetry involved a custom-
made poly(ethylene oxide)−poly(methyl acrylate) surfactant under acidic aqueous conditions. 5 
Over the years, the butanol-assisted synthesis of block copolymer-templated cubic Ia3d silica 
(dubbed KIT-6) 6,8 has become a primary pathway to this highly desired material. 38 The key to 
this success is that the synthesis aﬀords materials with high degree of structural ordering, large 
mesopore volume, and adjustable pore size and pore connectivity (the latter arising from 
(micro)pores in the walls of the material). 6,8 However, it is known that the range of conditions in 
which pure Ia3d structure forms in the butanol-assisted synthesis is quite narrow, and one may 
obtain a mixture of KIT-6 and SBA-15 or other undesirable compositions instead of the pure 
cubic Ia3d phase. 8 Therefore, the development of an alternative, convenient synthesis pathway 
to highly ordered and structurally tunable KIT-6 silica is likely to further foster the application of 
this remarkable material. 
The unit-cell parameter attainable for Pluronic-P123-templated cubic Ia3d silicas 6,8,9,11 is up to 
∼25 nm, and the pore diameter is limited to ∼12 nm. Notably, silica with the cubic Ia3d structure 
and unusually large unit-cell parameter of 28.9 nm (31.6 nm before calcination) was obtained 
using Pluronic F127 surfactant (EO106PO70EO106), sodium dioctyl sulfosuccinate additive, and 
trimethylbenzene (TMB). 10 However, the use of the surfactant with long hydrophilic PEO 
blocks aﬀorded very thick walls, so that the pore diameter was only ∼10 nm and the pore volume 
was 0.66 cm3/g, the latter being quite low in comparison to Pluronic-P123- templated cubic Ia3d 
silicas prepared with a hydrothermal treatment at the same temperature. 
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The aim of our work was to explore the beneﬁts and limitations in the use of hydrophobic 
compounds regarded as micelle swelling agents in the Pluronic-P123-templated synthesis of 
cubic Ia3d silica using dilute aqueous surfactant solutions. While the hydrophobic compounds, 
including aromatic hydrocarbons (TMB, 1,3,5-triisopropylbenzene (TIPB), and so forth), were 
successfully used to synthesize Pluronic-surfactant-templated silicas with cylindrical mesopores 
(SBA-15) and spherical mesopores (FDU-12) of a wide range of enlarged diameters, 40−43 the 
application of these compounds in the synthesis of silicas with cubic Ia3d structure was primarily 
to induce the proper structure type 4,10 rather than to increase the pore size. While the swelling-
agent-induced pore size enlargement was also attempted by using TMB in the aforementioned 
butanol-assisted synthesis of KIT-6, the resulting material was disordered. 39 
Herein, it is shown that the SDS-assisted synthesis of Pluronic-P123-templated cubic Ia3d 
silica (reported earlier by others 9) is signiﬁcantly enhanced through the addition of a small 
amount of a carefully selected swelling agent, especially when the initial synthesis temperature is 
25 °C or lower. The swelling agents included 1,3,5-triisopropylbenzene (TIPB), which is known 
as a superior swelling agent in the Pluronic-P123-templated synthesis of large-pore SBA-15, 41 
as well as 1,4-diisopropylbenzene (DIPB) and 1,3,5-triethylbenzene (TEB), 41 while the most 
popular TMB does not seem to be suitable. The addition of TIPB leads to the enlargement of the 
unit-cell size and pore diameter of the cubic Ia3d structure, which also has markedly increased 
pore volume. The pore size and unit-cell size achievable in the presence of swelling agents tend 
to increase as the amount of the swelling agent increases. The demonstration of the swelling-
agent-based pore size control in cubic Ia3d silicas provides new insights into their formation 
conditions and new opportunities for the structural tuning of these highly important materials. 
2.2 Experimental Section 
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2.2.1 Chemicals 
    Pluronic P123 was acquired as a research sample from BASF. 1,3,5-Triisopropylbenzene 
(TIPB), 1,4-diisopropylbenzene (DIPB), and 1,3,5-trimethylbenzene (TMB) were purchased 
from Alfa Aesar. Tetraethyl orthosilicate (TEOS) was purchased from Acros, Inc. Sodium 
dodecyl sulfate (SDS) was obtained from Fisher Scientific. All of these chemicals were used 
without further purification. 
2.2.2 Synthesis 
    Synthesis of KIT-6 silicas with large pore-volume. In a typical synthesis, 2.00 g of Pluronic 
P123 poly(ethylene oxide)−poly(propylene oxide)−poly(ethylene oxide) triblock copolymer 
(EO20PO70EO20; molecular weight of 5800 g/mol) and 0.230 g of sodium dodecyl sulfate (SDS) 
were dissolved in 52.0 mL of water and 23.3 mL (24.0 g; d = 1.03 g/cm3) of 2.00 M HCl solution 
with mechanical stirring at 25 °C in a polypropylene (PP) bottle. One hour later, 0.20 mL of 
TIPB (or other volume of this or different swelling agent) was added. After another hour, 4.60 
mL (4.30 g; d = 0.934 g/mL) of TEOS was added under vigorous stirring. The following molar 
composition of the synthesis mixture was used: 1.00 P123: 2.30 SDS: 2.42 TIPB: 139 HCl: 1.20 
× 104 H2O: 59.8 TEOS. The synthesis mixture was kept under mechanical stirring in a PP bottle 
at 25 °C for 24 h. The PP bottle was then capped, and the synthesis gel was transferred to an 
oven and heated at 100 °C for 24 h. In some cases, the synthesis mixture (or a part of it) was 
transferred to a Teflon-lined autoclave and heated at 110 - 130 °C for 1 day. The product was 
filtered out, washed with deionized water, and dried in a vacuum oven. The resulting as-
synthesized sample was calcined under air flow at 550 °C for 5 h using a heating rate of 
2 °C/min. Selected samples were also calcined at 300 °C.  
2.2.3 Measurements 
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Small-angle X-ray scattering (SAXS) patterns were recorded on a Bruker Nanostar U 
SAXS/wide-angle X-ray scattering instrument equipped with a rotating anode Cu Kα radiation 
source (operated at 50 kV and 24 mA) and with Vantec 2000 2-dimensional detector. Samples 
were put in an opening of an aluminum sample holder taped at both sides with a Kapton tape. 
Nitrogen adsorption−desorption measurements were carried out at −196 °C on a Micromeritics 
ASAP 2020 volumetric adsorption analyzer. Before the analysis, samples were outgassed under 
vacuum at 200 °C for 2 h. Thermogravimetric analysis (TGA) was performed on a TA 
Instruments TGA under air with the heating ramp of 10 °C/min. Silica and organic template 
contents were evaluated as a residue at 700 °C and a weight loss between 100 and 700 °C, 
respectively. 
2.2.4 Calculations 
The BET specific surface area (SBET) was calculated from nitrogen adsorption isotherm in the 
relative pressure range from 0.04 to 0.20. Total pore volume44 (Vt) was determined from the 
amount adsorbed at a relative pressure of 0.99. The micropore volume, Vmi, was calculated using 
the αs plot method in a standard relative adsorption, αs, range corresponding to pressures at 
which micropores were already filled, but the capillary condensation in the ordered mesopores 
did not commence (αs interval within 0.7 - 1.1 range). The sum of the primary (ordered) 
mesopore volume, Vp, and micropore volume was calculated from the data in the αs range 
following the capillary condensation (αs interval within 1.7 - 2.4 range). The reference adsorption 
isotherm45 for a macroporous silica gel LiChrospher Si-1000 was used in the αs plot calculations. 
The pore size distribution (PSD) was determined from the adsorption branch of the isotherm 
using the Barrett-Joyner-Halenda (BJH) method with the KJS correction for cylindrical 
Chapter 2 
23 
 
mesopores46 and the statistical film thickness curve for a macroporous silica gel LiChrospher Si-
1000.45 The pore wall thickness, b, was calculated as follows:47 
b = ( 1 - 
Vp ρ 
) 
a 
1+ Vp ρ+ Vmi ρ ξ0 
where ρ is the pore wall density assumed to be equal to 2.2 g/cm3, a is the unit-cell parameter 
calculated from the position of (211) peak (a = 6 ½ d 211), and ξ0 is a constant equal to 3.0919. 
The pore diameter, Dh, was calculated as follows:
47 
Dh =  
Vp ρ 
 
a 
1+ Vp ρ+ Vmi ρ ξ0 
 
2.3 Results and discussion 
2.3.1 Introduction to the ordered cubic Ia3d porous silica synthesized in the presence of 
micelle swelling agent 
The starting point of our work was the synthesis of KIT-6 with Pluronic P123 and sodium 
dodecyl sulfate (SDS) as an additive at 30 °C.9 The procedure was originally reported to afford a 
highly ordered Ia3d structure with the unit-cell size of up to 21.0 nm for calcined samples (and 
22.6 nm reported for an as synthesized sample). In our case, this synthesis afforded a material 
with a similar unit-cell parameter (20.4 nm for a sample that was hydrothermally treated at 
100 °C and calcined; 22.2 nm for the as-synthesized sample) and with a well-resolved SAXS 
pattern indicating a pure cubic Ia3d phase (Figure 2.1). However, our sample had a less steep 
capillary condensation step (despite a similar relative pressure of capillary condensation) and 
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thus a broader pore size distribution (Figure 2.2) than the originally reported material9 that had 
an exceptionally narrow pore size distribution. 
The cubic Ia3d structure persisted upon addition of a small amount of 1,3,5-triisopropylbenzene 
(TIPB; 0.2 mL per 2 g of Pluronic P123), and the unit-cell size was somewhat enlarged (to 21.4 
and 23.8 nm for the calcined and as-synthesized sample, respectively). However, the resulting 
material had a relatively low mesopore volume, as inferred from the height of the capillary 
condensation step. On the other hand, when the temperature was lowered to 25 °C, it was 
possible to obtain a high-quality Ia3d phase (see Figures 2.1 and 2.2 as well as Figures 2.3 and 
2.4) with enlarged unit-cell size (21.0−21.7 nm for calcined samples and 22.8−23.9 nm for as-
synthesized samples from repeated syntheses) in the presence of 0.2 mL of TIPB. While the unit-
cell size increase was modest in comparison to the sample from the original synthesis,9 the 
BJH−KJS pore diameter increased from 8.1 to 9.0−9.6 nm (for samples from repeated syntheses) 
and the pore size distribution became narrower (see Figure 2.2). Moreover, the total pore volume 
increased from 1.12 to 1.24−1.30 cm3/g. Clearly, the addition of the swelling agent at a 
decreased temperature was beneficial in enhancing the mesopore size, volume, and uniformity of 
the product in the SDS-based synthesis. It should be noted that at 25 °C the SDS-based synthesis 
without the swelling agent did not yield the cubic Ia3d structure, highlighting the importance of 
the use of TIPB around room temperature. Our product was also compared with that from the 
butanol-based synthesis8 (see Figures 2.1 and 2.2), which showed that the latter had a lower pore 
diameter (8.6 nm) and total pore volume (1.00 cm3/g), as seen for materials hydrothermally 
treated at 100 °C. Using a relation for the Ia3d structure involving the unit-cell parameter and 
porosity (eq 1),47 the pore wall thickness was calculated, and it was found to be 2.1 nm for the 
samples from the two SDS-based syntheses, whether in the presence or absence of TIPB. On the 
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other hand, the sample from the butanol-based synthesis exhibited the wall thickness of 3.0 nm, 
which is appreciably higher and in line with the value of 3.6 nm that was originally reported.8 
Clearly, SDS based procedures yield cubic Ia3d silicas with thinner walls. The pore diameters 
were also calculated for the considered samples using eq 2, and the resulting values were 8.9, 9.4, 
and 9.0 nm for SDS-based synthesis without and with TIPB and for the butanol-based synthesis, 
respectively. It is noted that the BJH−KJS procedure used herein to calculate pore size 
distributions rendered pore diameter estimates close to those based on eq 2 (8.0, 9.0, and 8.7 nm, 
respectively). 
 
Figure 2.1 SAXS patterns for (a) as-synthesized and (b) calcined KIT-6 samples prepared using 
the SDS-based synthesis, butanol-based synthesis and the current TIPB-assisted synthesis.  
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Figure 2.2 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined KIT-6 
samples prepared using the SDS-based synthesis, butanol-based synthesis and the current TIPB-
assisted synthesis. The isotherms for BuOH-based and TIPB-assisted samples were offset 
vertically by 500 and 1000 cm3 STP g-1. 
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Table 2.1 Properties of KIT-6 samples prepared at 25 °C with 0.2 mL TIPB and hydrothermally 
treated at different temperatures. 
Hydrothermal 
treatment 
temperature 
(°C) 
BET 
surface 
area 
(m2/g) 
Total 
pore 
volume 
(cm3/g) 
Micropore 
volume 
(cm3/g) 
BJH-KJS 
pore 
diameter 
(nm) 
Pore 
diameter 
from Eq. 
1 (nm) 
Wall 
thickness 
(nm) 
(211) interplanar 
spacing (nm) 
As-synth. Calc. 
no treatment 599 0.55 0.03 5.3 6.0 2.8 9.19 7.32 
40 650 0.62 0.04 5.7 6.4 2.8 9.34 7.48 
60 669 0.74 0.04 6.5 7.1 2.6 9.34 7.71 
80 762 0.93 0.05 7.5 8.1 2.4 9.54 8.13 
100 940 1.25 0.06 9.0 9.4 2.1 9.33 8.57 
110 941 1.35 0.05 9.5 10.0 2.0 9.39 8.82 
120 915 1.53 0.01 10.2 10.6 1.7 9.34 8.82 
130 693 1.67 0.02 12.0 11.1 1.7 9.44 9.14 
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Figure 2.3 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined KIT-6 samples 
hydrothermally treated at different temperatures. 
 
Figure 2.4 (a) Nitrogen adsorption isotherms and (b) pore size distributions of KIT-6 silicas 
hydrothermally treated at different temperatures. The isotherms for samples hydrothermally treated at 40, 
60, 80, 100, 110, 120, and 130 °C are offset vertically by 500, 1000, 1500, 2000, 2500, 3000, and 3500 
cm3 STP g-1, respectively. 
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An unexpected difference between the TIPB-assisted synthesis and the two considered syntheses 
that do not involve swelling agents was that for the former the SAXS patterns for as-synthesized 
samples often exhibited a noticeable lower-angle peak that can be indexed as (110) reflection of 
a structure of I4132 symmetry (Figure 2.5), 
48 suggesting a symmetry lowering with respect to 
the cubic Ia3d symmetry in a part of or possibly the whole material. The calcination eliminates 
the (110) peak, while preserving the peaks attributable to the cubic Ia3d phase. It is unlikely that 
the calcination increases the symmetry of the material, and therefore the (110) peak is most 
likely attributable to a local symmetry lowering related to somewhat nonuniform distribution of 
surfactant and/or swelling agent in the mesopores of the material. It is known that the deposition 
of substances in the mesopores of cubic Ia3d silica may lead to such a symmetry lowering.49 
Perhaps a certain quantity of the swelling agent is removed during the filtration and/or drying, 
and/or some surfactant is removed from the pores during the filtering and washing of the sample, 
thus leading to local variations of the template content in the mesopores and thus to the local 
symmetry lowering, which ceases upon the template removal.  
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Figure 2.5 (a) Small-angle X-ray scattering patterns of a typical sample synthesized at 25 oC 
before and after calcination and (b) nitrogen adsorption isotherm and pore size distribution.  
 
2.3.2 Effect of hydrothermal treatment 
 
The use of the hydrothermal treatment at 110−120 °C for 1 day in the TIPB-assisted procedure 
led to much larger total pore volumes (1.35−1.53 cm3/g), which surpass the total pore volumes 
for comparable calcined products reported from the butanol-assisted synthesis.8 It should be 
noted that the original report on the use of SDS in KIT-6 synthesis involved the hydrothermal 
treatment at 100 °C only, lasting 1−7 days.9 For the products of higher-temperature hydrothermal 
treatments, the BJH−KJS pore diameters increased (from 9.0 to 10.2 nm) (Figure 2.4 and Table 
2.1), and so did unit-cell parameters for the calcined samples (from 21.0 to 21.6 nm; see SAXS 
patterns in Figure 2.3). While a hydrothermal treatment at 130 °C further increased the unit-cell 
size (to 22.4 nm) and pore diameter (to 12 nm) of the calcined sample without having any 
significant adverse effect on the resolution of the SAXS patterns (see Figure 2.3), it led to a 
major broadening of the pore size distribution (Figure 2.4), which suggests a possible 
development of large gaps in the walls of the material.50 It should be noted that the butanol-based 
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procedure8 affords high-quality products even in the case of the hydrothermal treatment at 130 
°C, allowing one to obtain particularly large unit-cell sizes and pore sizes. As noted above, the 
wall thickness for cubic Ia3d silicas prepared in the presence of SDS is lower than that for the 
silicas from the butanol-assisted synthesis, which may lead to a pore wall 
restructuring/degradation at a lower temperature in the former case. It is also possible that 
dodecyl sulfate ion (or its protonated form) may facilitate the decomposition of Pluronic P123 
surfactant under acidic conditions, making the pore space more accessible and thus exposing the 
silica framework to water, which can gradually degrade (dissolve) the silica framework.51 
Samples were also prepared without the hydrothermal treatment and with the hydrothermal 
treatments at 40, 60, and 80 °C for 1 day (see Figures 2.3 and 2.4 and Table 2.1). While SAXS 
patterns of the resulting samples resembled those discussed above, the pattern was very well 
resolved only after the hydrothermal treatment at 80 °C. An increase in the pore volume to the 
unit-cell volume ratio that is observed as the synthesis temperature increased might have 
influenced relative intensities of the peaks, possibly making some of them less intense (relative 
to the main peak) for the lower treatment temperatures, but the structural changes with 
temperature are likely to be more profound. This is because the width of the main SAXS peak 
and the breadth of the pore size distribution are reduced as the hydrothermal treatment is 
introduced and its temperature reaches 80 °C. Moreover, (110) peak appears on the pattern of the 
as-synthesized sample only if the hydrothermal treatment temperature is 80 °C or higher (for 
one-day treatment). In particular, the pore wall becomes thinner (from 2.8 nm in the case of the 
hydrothermal treatment at 40 °C to 1.7 nm in the case of 120 °C; see Table 2.1) and perhaps 
smoother as the hydrothermal treatment temperature increases. The observed values of the wall 
thickness are lower than those observed in butanol-based synthesis of KIT-6, which coincides 
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with lower micropore volumes observed for our KIT-6 samples. In particular, butanol-based 
KIT-6 discussed above exhibited a micropore volume of 0.12 cm3 g-1, which was about 2 times 
higher than the micropore volumes of the present samples prepared with a comparable 
hydrothermal treatment. Figures 2.3 and 2.4 as well as Table 2.1 show that the unit-cell 
parameter and the pore diameter of calcined samples systematically increased while the pore 
wall thickness decreased as the temperature of the hydrothermal treatment increased. The 
observed ability to tune the pore size based on the treatment temperature and the 6−11 nm range 
of achievable pore diameters are comparable to those reported earlier for the synthesis of KIT-6 
involving butanol8 but were not documented earlier for other syntheses of silicas with cubic Ia3d 
structures, including the original SDS-assisted synthesis.9 It needs to be noted that the unit-cell 
size of all as-synthesized samples was nearly constant. The increase in the hydrothermal 
treatment temperature reduced the extent of shrinkage upon calcination (defined as a reduction in 
the unit-cell parameter), which was 20% without the hydrothermal treatment, and decreased to 
8% and 3% after treatments at 100 and 130 °C, respectively. The lower shrinkage combined with 
the pore wall thinning contributed to the pore size increase with the increase in the hydrothermal 
treatment temperature. One can also tune the pore diameter by changing the hydrothermal 
treatment time (see Figures 2.6 and 2.7), as shown earlier for SDS-assisted synthesis with the 
hydrothermal treatment for 1−7 days.9 Our results show that hydrothermal treatments at 100 °C 
for 2−6 h had a similar effect as treatments at 40−80 °C for 1 day, which parallels earlier 
findings for large-pore SBA-15 silica with cylindrical mesopores.52 
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Figure 2.6 Small angle X-ray scattering patterns of (left) as-synthesized and (right) calcined 
KIT-6 samples hydrothermally treated at 100 °C for different periods of time.  
 
 
Figure 2.7 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined KIT-6 
samples hydrothermally treated at 100 °C for different periods of time. The isotherms for the 
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samples hydrothermally treated for 2, 4, 6, 12, and 24 hours were offset vertically by 500, 1000, 
1500, 2000, and 2500 cm3 STP g-1. 
 
2.3.3 Effect of amount of TEOS 
Under the above conditions (0.20 mL of TIPB per 2.00 g of P123; 25 °C), the cubic Ia3d 
structure formed in a wide range of TEOS volumes from 2.4 to 5.2 mL (Figure 2.8), although at 
the ends of this interval, the resulting materials had much broader pore size distributions (Figure 
2.9). In comparison to the synthesis without a micelle swelling agent9 that is known to work in a 
fairly wide range of TEOS/P123 ratios, our synthesis works in a similarly wide range, which is 
slightly shifted toward lower ratios. When the volume of TEOS was higher than 5.2 mL, the 
KIT-6 phase seemed to be contaminated with SBA-15, and when the volume of TEOS was lower 
than 2.4 mL (1.6−2.0 mL), poorly defined materials formed. No tendency to form single-micelle-
templated nanoparticles53 was apparent at low TEOS/P123 ratios. 
Interestingly enough, there was only a small variation in the total pore volume as a function of 
the relative amount of TEOS for the high-quality samples obtained with 3.0−4.6 mL of TEOS per 
2 g of Pluronic P123. This is unexpected because normally in the block copolymer-templated 
syntheses, the surfactant to silica ratio in the product depends on the ratio of the surfactant to the 
silica precursor in the synthesis mixture.54 Based on this understanding and keeping in mind that 
the pore space is generated by the surfactant template, the pore volume is expected to be 
proportional to the surfactant/silica-precursor ratio. In the above argument, it is assumed that the 
shrinkage upon calcination lowers the framework void (pore) volume to the same degree, and the 
presence of the swelling agent affects the pore volume to the same extent for different samples. 
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The lack of the expected dependence of the pore volume on the surfactant/silica-precursor ratio 
can be explained, if there is a preformed cubic phase of surfactant that templates the cubic Ia3d 
silica structure55 or if otherwise the silica precursor assembles with surfactant into the cubic Ia3d 
phase in approximately constant proportions. The latter is supported by TGA data showing only 
a small variation in the silica to organic template mass ratio for samples prepared with 3−4.6 mL 
of TEOS (from 0.67:1 to 0.76:1, which corresponds to 13% change even if the quantity of TEOS 
was increased by 53%). However, these data need to be treated with caution as some surfactant 
may be washed out during the recovery of the sample.56 While compositionally well-defined 
assemblies are known from studies of ordered mesoporous silicas templated by ionic 
surfactants57 and are readily explainable based on the charge density matching concept,2 the 
driving force for the self-assembly of materials with well-defined surfactant/silica ratio is not 
immediately apparent in the case of nonionic surfactant templates. In addition, the variation of 
the silica:organic template ratio was also limited for lower quantities of TEOS used (1.6, 2, and 
2.4 mL), while SAXS revealed an enhanced scattering intensity in the 1°−1.4° range for as-
synthesized samples, which disappeared after the calcination (Figure 2.8). This finding may 
possibly be due to the presence of dried and shrunk surfactant assemblies in these as-synthesized 
samples and would be consistent with the presence of preformed liquid-crystalline phase of 
surfactant, although other explanations of this behavior are certainly possible. 
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Figure 2.8 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica samples 
prepared with different volumes of TEOS relative to Pluronic P123 (2 g). 
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Figure 2.9 (a) Nitrogen adsorption isotherms and (b) pore size distributions of silicas prepared with 
different volumes of TEOS relative to Pluronic P123 (2 g). The isotherms for samples prepared with 2.0, 
2.4, 3.0, 3.6, 4.0, 4.6, 5.2, and 5.6 mL of TEOS are offset vertically by 500, 1000, 1500, 2000, 2500, 3000, 
3500, and 4000 cm3 STP g-1. 
 
2.3.4 Effect of amount of SDS 
When 0.20 mL of TIPB per 2.00 g of P123 and 4.6 mL of TEOS were used at 25 °C, the mass of 
SDS required to form the cubic Ia3d structure was 0.20 g or higher (up to 0.29 g was confirmed; 
the upper limit was not explored) (see Figures 2.10 and 2.11; Table 2.2), which is a somewhat 
wider range than that observed in the absence of the swelling agent (0.21−0.25 g).9 Lower 
relative amounts of SDS typically afforded SBA-15, consistent with the early report.9 In the case 
of 4.6 mL of TEOS at 25 °C, the amount of TIPB can also be varied to some extent (from 0.10 to 
0.26 or even 0.3 mL per 2 g of P123; see Figures 2.12 and 2.13; Table 2.3), with a tendency to 
increase the unit-cell size and the pore diameter of the cubic Ia3d structure as the volume of 
TIPB was increased (even though there was some scatter in the data). The sample obtained with 
0.15 mL of TIPB appeared to be contaminated with some other phase (presumably SBA-15). 
Notably, the SBA-15 samples had higher micropore volumes (0.15−0.16 cm3 g-1) than KIT-6. As 
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the initial synthesis temperature decreased below 25 °C for 0.20 mL of TIPB per 2.00 g of P123 
and 4.6 mL of TEOS, the structure gradually evolved from cubic Ia3d symmetry, which was still 
seen in pure or nearly pure form for the sample prepared at 23 °C, to SBA-15 (pure or nearly 
pure at 20 °C). The change was accompanied by the broadening of the pore size distribution. 
Table 2.2 Properties of samples prepared with 0.20 mL TIPB per 2.00 g P123 at 25 °C with 
different masses of SDS.a 
Mass of SDS 
 (g) 
BET surface 
area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS pore 
diameter (nm) 
(211) interplanar spacing 
(nm) 
As-
synthesized 
Calcined 
0 913 1.08 10.7 11.69b 10.70b 
0.100 922 1.06 10.3 10.76b 9.75b 
0.170 1036 1.09 10.3 10.32 9.44 
0.200 856 1.07 9.2 9.59 8.78 
0.230 940 1.25 9.0 9.33 8.57 
0.260 892 1.26 9.1 9.34 8.53 
0.290 856 1.21 9.0 9.10 8.21 
a Initial temperature and that of hydrothermal treatment were 25 and 100 ℃, respectively. 
b (100) interplanar spacing 
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Figure 2.10 Small-angle X-ray scattering patterns of calcined samples prepared with different 
masses of SDS relative to Pluronic P123 (2 g).  
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Figure 2.11 (a) Nitrogen adsorption isotherms and (b) pore size distributions of silicas prepared 
with different masses of SDS relative to Pluronic P123 (2 g). The isotherms for samples prepared 
with 0.10, 0.17, 0.20, 0.23, 0.26, 0.29 g of SDS were offset vertically by 500, 1000, 1500, 2000, 
2500, 3000 cm3 STP g-1. 
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Table 2.3 Properties of samples prepared with different amounts of TIPB per 2 g of Pluronic 
P123.a 
TIPB / mL 
BET surface 
area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore 
diameter 
(nm) 
(211) interplanar spacing 
(nm) 
As-
synthesized 
Calcined 
0 890 1.17 8.2 8.96b 8.10b 
0.10 1014 1.40 8.8 8.96 8.32 
0.15 867 1.21 8.6 9.24b 8.53b 
0.20 940 1.25 9.0 9.33 8.57 
0.23 907 1.24 9.9 9.64 8.82 
0.26 863 1.10 9.6 9.64 9.00 
0.30 885 1.03 10.1 9.97 9.24 
0.35 851 0.74 10.2 10.70b 9.70b 
0.40 1112 0.94 9.4 10.76b 9.44b 
a Initial temperature and that of hydrothermal treatment are 25 ℃ and 100 ℃, respectively. 
b The structure is unclear from SAXS. The interplanar spacing calculated from the position of the 
strongest peak is listed without assigning peak index. 
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Figure 2.12 Small-angle X-ray scattering patterns of calcined samples prepared with different 
volumes of TIPB relative to Pluronic P123 (2 g).  
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Figure 2.13 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared with different volumes of TIPB relative to Pluronic P123 (2 g). The isotherms for 
samples prepared with 0.10, 0.15, 0.20, 0.23, 0.26, 0.30, 0.35, and 0.40 mL of TIPB were offset 
vertically by 500, 1000, 1500, 2000, 2500, 3000, 3500, and 4000 cm3 STP g-1. 
 
In order to obtain larger pore diameters and unit-cell parameters, it was useful to decrease the 
initial synthesis temperature with a concomitant increase in the volume of the swelling agent 
used, which is in line with what we observed in the synthesis of large-pore SBA-15 silica using 
Pluronic P123 and TIPB.41 When 0.30 mL of TIPB was used (per 2 g of P123), highly ordered 
Ia3d structure formed at 20 −23 °C (although the product obtained at 23 °C had a lower quality 
as seen from nitrogen adsorption) (see SAXS patterns in Figure 2.14 as well as nitrogen 
adsorption isotherms and pore size distributions in Figure 2.15; structural data are listed in Table 
2.4). The products formed at 20 −22 °C with subsequent hydrothermal treatment at 100 °C had 
the unit-cell size of ∼22.0 nm after calcination at 550 °C (about 24.4 nm for assynthesized 
samples), the total pore volumes of 1.24 - 1.34 cm3/g, and BJH-KJS pore diameters of about 10.5 
nm. The lowering in the calcination temperature to 300 °C decreased the shrinkage upon 
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calcination, allowing us to obtain surfactant free cubic Ia3d silicas with unit-cell parameters of 
∼23.8 nm, the total pore volumes as high as 1.6 cm3/g, and BET specific surface areas of ∼1050 
m2/g (see Table 2.5, SAXS patterns in Figure 2.16, and nitrogen adsorption isotherms and pore 
size distributions in Figure 2.17). The need for the temperature lowering concomitantly with the 
increase in the relative amount of the swelling agent may be rooted in the need to maintain a 
suitable interface curvature through the preservation of the extent of hydration of PEO chains (or 
the entire block copolymer surfactant) as the swelling agent is added. SDS is likely to reside on 
the junction between the PEO corona and PPO core, with its dodecyl chain interacting with PPO 
and its sulfate group presumably in PEO environment, even though SDS is expected to increase 
the extent of hydration of PPO domain.58 In fact, a number of additives that induce the formation 
of cubic Ia3d phase templated by Pluronic P123, including butanol, SDS, and sodium iodide, are 
likely to promote the hydration.7,58 The addition of the swelling agent is likely to lead to a lower 
extent of hydration of the surfactant. On the other hand, PEO and PPO become more hydrophilic 
as the temperature is lowered.59 So the addition of the swelling agent combined with the 
temperature lowering may result in largely unchanged hydration of the surfactant and may help 
to stabilize the cubic Ia3d structure. 
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Table 2.4 Properties of KIT-6 samples prepared with 0.30 mL TIPB at different initial synthesis 
temperatures. 
T 
 (oC) 
BET surface 
area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore diameter 
(nm) 
(211) interplanar spacing 
(nm) 
As-synthesized Calcined 
25 885 1.03 10.1 9.97 9.24 
23 805 0.96 9.5 9.91 8.82 
22 898 1.31 10.3 9.97 9.05 
21 882 1.34 10.7 9.97 9.05 
20 847 1.24 10.2 9.91 8.96 
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Figure 2.14 Small angle X-ray scattering patterns of calcined KIT-6 samples prepared with 0.30 
mL TIPB per 2 g of Pluronic P123 at different temperatures. 
 
 
Figure 2.15 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined KIT-6 
samples prepared with 0.30 mL TIPB per 2 g of Pluronic P123 at different temperatures. 
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Table 2.5 Properties of KIT-6 sample prepared with 0.3 mL TIPB.a 
Calcination 
Temperature / oC 
BET Surface 
Area 
(m2/g) 
Total Pore 
Volume 
(cm3/g) 
KJS Pore 
Diameter (nm) 
(211) interplanar 
spacing (nm) 
- b - - - 9.97 
300 1046 1.62 11.2 9.70 
550 882 1.34 10.7 9.05 
a Initial temperature and that of hydrothermal treatment are 21 oC and 100 oC, respectively; 
b No calcination for this sample. 
 
 
Figure 2.16 Small angle X-ray scattering patterns of KIT-6 sample prepared at 21 ℃ with 0.3 
mL TIPB per Pluronic P123 (2 g): as-synthesized, and calcined at 300 and 550 ℃. 
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Figure 2.17 (a) Nitrogen adsorption isotherms and (b) pore size distribution of KIT-6 sample 
prepared at 21 ℃ with 0.3 mL TIPB per Pluronic P123 and calcined at 300 and 550 ℃. 
 
Highly ordered KIT-6 products were also obtained using 0.35 mL of TIPB (per 2 g of P123) at 
19 −20 °C, which after the hydrothermal treatment at 100 °C had the unit-cell size of 24.4−24.7 
nm in as-synthesized form and 22.2 - 22.7 nm after calcination at 550 °C (see Table 2.6, SAXS 
patterns in Figure 2.18, and nitrogen adsorption isotherms and pore size distributions in Figure 
2.19). A sample hydrothermally treated at 120 °C exhibited the unit-cell parameters of 22.8 and 
24.3 nm, total pore volumes of 1.53 and 1.64 cm3 g
-1, and BJH-KJS pore diameters as large as 
11.7 and 12.4 nm (and pore sizes of 11.2 and 12.1 nm evaluated using eq 2) after calcination at 
550 and 300 °C, respectively (see Figures 2.20 and 2.21 and Table 2.7). It is clear that the 
present synthesis method matches the pore diameter range achievable through the famous38 
butanol-based KIT-6 synthesis,6,8 while surpassing the latter in terms of the mesopore volume. It 
should be noted that even though higher unit-cell sizes (up to 25.3 nm for as-synthesized 
samples) were observed in some cases where the amount of the swelling agent was increased (to 
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0.35−0.40 mL), the SAXS patterns of these materials were less well resolved and the purity of 
the products was difficult to ascertain. 
 
Table 2.6 Table 1.6 Synthesis of KIT-6 with 0.35 mL of TIPB at different initial temperatures. 
Initial 
Synthesis 
Temp. (℃) 
BET 
Surface 
Area 
(m2/g) 
Total Pore 
Volume 
(cm3/g) 
KJS Pore 
Diameter 
(nm) 
(211) interplanar 
spacing (nm) 
As-synth Calc 
21 889 0.98 9.97 10.14 9.29 
20 874 1.25 10.46 10.08 9.05 
19 874 1.32 10.43 9.97 9.24 
18 885 1.31 10.53 10.08 9.14 
17 967 1.48 10.67 10.26 9.05 
16 858 1.33 11.30 10.32 9.39 
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Figure 2.18 Small angle X-ray scattering patterns of (a) as-synthesized and (b) calcined KIT-6 
samples prepared with 0.35 mL TIPB per 2 g of Pluronic P123 at different temperatures. 
 
Figure 2.19 (a) Nitrogen adsorption isotherms and (b) pore size distribution of calcined calcined 
KIT-6 samples prepared with 0.35 mL TIPB per 2 g of Pluronic P123 at different temperatures. 
 
Chapter 2 
51 
 
Table 2.7 Properties of KIT-6 sample prepared with 0.35 mL TIPB.a 
Calcination 
Temperature / ℃ 
BET Surface 
Area 
(m2/g) 
Total Pore 
Volume 
(cm3/g) 
KJS Pore 
Diameter (nm) 
(211) interplanar 
spacing (nm) 
- b - - - 9.97 
300 834 1.64 12.4 9.91 
550 789 1.53 11.7 9.29 
a Initial temperature and that of hydrothermal treatment are 20 ℃ and 120 ℃, respectively; 
b Sample was not calcined. 
 
Figure 2.20 Small-angle X-ray scattering patterns of KIT-6 sample prepared at 20 °C with 0.35 
mL of TIPB per 2 g of Pluronic P123: assynthesized and calcined at 300 and 550 °C. 
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Figure 2.21 (a) Nitrogen adsorption isotherms and (b) pore size distributions of KIT-6 sample 
prepared at 20 °C with 0.35 mL of TIPB per Pluronic P123 and calcined at 300 and 550 °C. The 
isotherm for the samples calcined at 550 °C was offset vertically by 500 cm3 STP g-1. 
 
We also found that 1,3,5-triethylbenzene (TEB) and 1,4-diisopropylbenzene (DIPB) can be used 
to induce the formation of the cubic Ia3d structure at 25 °C. In particular, the increase in the 
amount of TEB (from 0.1 to 0.3 mL per 2 g of P123) led to a gradual increase in the unit-cell 
parameter (from 21.5 to 23.9 nm for as-synthesized and from 19.7 to 21.6 nm for calcined 
samples) (see Figure 2.22 and Table 2.8). Nitrogen adsorption isotherms and pore size 
distributions for these samples are shown in Figure 2.23. Likewise, the increase in the amount of 
DIPB (from 0.15 to 0.3 mL per 2 g of P123) led to a gradual increase in the unit-cell parameter 
(from 21.2 to 23.6 nm for as-synthesized and from 20.1 to 21.5 nm for calcined samples) (see 
Figure 2.24 and Table 2.9). The pore diameters of these samples tended to increase with the 
increase in the amount of DIPB (see nitrogen adsorption isotherms and pore size distributions in 
Figure 2.25). The high degree of ordering and narrow pore size distribution are particularly 
notable for the sample prepared with 0.25 mL of DIPB. However, TIPB appears to be the most 
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suitable swelling agent in comparison to TEB and DIPB because it allows one to achieve 
particularly high pore volumes for the cubic Ia3d silicas. Possibly TEB and DIPB deviate from 
the sequence of the decreased extent of solubilization with the increase in the number of carbon 
atoms in alkyl substituents for alkylbenzenes 41 and swell Pluronic micelles less than TIPB, 
which is consistent with the observations for Pluronic F127 combined with TEB and TIPB in the 
synthesis of organosilicas with face-centered cubic structure. 60 It should also be noted that 1,3,5-
trimethylbenzene (TMB), which is the most commonly used swelling agent in the synthesis of 
ordered mesoporous materials, was not found suitable to sustain the formation to well-ordered 
KIT-6 phase using Pluronic P123 under aqueous conditions. No well-ordered product was 
obtained even though the volume of TMB was varied from 0.1 to 0.3 mL (per 2 g of P123) at 
25 °C, and the initial synthesis temperature was varied from 20 to 25 °C (for 0.2 mL of TMB). 
Perhaps TMB in combination with Pluronic P123 is less suitable for attaining a low-surface-
curvature cubic Ia3d phase, especially as this surfactant/swelling agent pair is known from 
rendering a mesocellular foam phase with high-curvature spherical pore geometry. 40 Apparently, 
more moderate swelling agents (TIPB, TEB, and DIPB) 41 are suitable to facilitate the formation 
of the cubic Ia3d structure templated by Pluronic P123 in the presence of SDS at or close to 
room temperature. 
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Table 2.8 Syntheses of samples with different amounts of triethylbenzene (TEB).a 
TEB (mL) 
BET Surface 
Area 
(m2/g) 
Total Pore 
Volume 
(cm3/g) 
KJS Pore 
Diameter 
(nm) 
(211) interplanar spacing 
(nm) 
As-synth. Calcined 
0.10 855 1.13 8.93 8.78 8.06 
0.15 852 1.13 8.77 9.19 8.25 
0.20 840 1.11 8.99 9.39 8.65 
0.25 904 1.12 9.70 9.64 8.82 
0.30 783 0.77 9.32 9.75 8.82 
0.35 877 0.65 9.42 10.03 b 9.19 b 
a Initial temperature and that of hydrothermal treatment are 25 ℃ and 100 ℃, respectively; 2 g 
Pluronic P123; 4.6 mL TEOS; 0.23 g SDS 
b While the sample may be in part KIT-6, the contamination with a material of other symmetry is 
apparent. 
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Figure 2.22 Small angle X-ray scattering patterns of (a) as-synthesized and (b) calcined KIT-6 
samples prepared with different volumes of triethylbenzene (TEB) relative to Pluronic P123 (2 
g). 
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Figure 2.23 (a) Nitrogen adsorption isotherms and (b) pore size distribution of calcined KIT-6 
samples prepared with different volumes of triethylbenzene (TEB) relative to Pluronic P123 (2 
g). 
Table 2.9 Syntheses of samples with different amounts of diisopropylbenzene (DIPB).a 
DIPB (mL) 
BET Surface 
Area 
(m2/g) 
Total Pore 
Volume 
(cm3/g) 
KJS Pore 
Diameter 
(nm) 
(211) Interplanar Spacing 
(nm) 
As-synth Calcined 
0.10 912 1.10 7.89 8.96 b 8.21 b 
0.15 903 1.13 8.10 9.05 8.21 
0.20 914 1.13 8.13 9.24 8.36 
0.25 847 1.13 8.91 9.39 8.57 
0.30 840 0.90 9.48 9.64 8.78 
0.35 799 0.88 9.58 10.03 c 9.75 c 
0.40 740 0.59 9.31 10.76 c 9.70 c 
a Initial temperature and that of hydrothermal treatment are 25 ℃ and 100 ℃, respectively. 2 g 
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Pluronic P123; 4.6 mL TEOS; 0.23 g SDS were used. 
b The sample contains 2-D hexagonal (SBA-15) material, but may also contain KIT-6. The 
interplanar spacing may be (100) of 2-D hexagonal structure instead of (211) of cubic Ia3d 
structure. 
c Structural symmetry was not identified. Interplanar spacing corresponding to main peak is 
listed. 
 
 
 
Figure 2.24 Small angle X-ray scattering patterns of (a) as-synthesized and (b) calcined KIT-6 
samples prepared with different volumes of diisopropylbenzene (DIPB) relative to Pluronic P123 
(2 g). 
 
Chapter 2 
58 
 
 
Figure 2.25 (a) Nitrogen adsorption isotherms and (b) pore size distribution of calcined KIT-6 
samples prepared with different volumes of diisopropylbenzene (DIB) relative to Pluronic P123 
(2 g). 
 
2.4 Conclusion 
The addition of a suitable swelling agent at temperatures somewhat lower than those typically 
used in the syntheses of silicas with cubic Ia3d structure (19−25 °C vs 30−35 °C) allows one to 
induce the formation of highly ordered cubic Ia3d phase in the presence of SDS. The swelling 
agents identiﬁed as suitable are 1,3,5-triisopropylbenzene, 1,3,5-triethylbenzene, and 1,4-
diisopropylbenzene. The unit-cell parameter can be adjusted to some degree by the increase in 
the amount of the swelling agent used at a particular temperature or by the lowering of the 
synthesis temperature with a concomitant increase in the amount of the swelling agent used. 
While the swelling-agent-based synthesis increased the range of unit-cell sizes attainable in the 
synthesis of the cubic Ia3d structure with SDS as an additive, the attainable unit-cell sizes still 
have not surpassed those attainable in the synthesis with butanol as an additive. However, our 
swelling-agent-based synthesis of phase-pure highly ordered KIT-6 is capable of providing 
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exceptionally high mesopore volumes (above 1.5 cm3/g) and high surface areas (850−1050 m2/g). 
Moreover, the swelling-agent-enhanced synthesis of the cubic Ia3d silica works in a rather wide 
composition range. Finally, it is conceivable that the structural properties, such as pore size and 
volume, of cubic Ia3d silicas from other syntheses as well as of other structures achievable in a 
rather narrow range of conditions can be enhanced using judiciously selected swelling agents 
introduced in small or moderate proportions, especially under adjusted (lowered) temperatures. 
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Chapter 3                                                     
Facile Strategy to the Synthesis of Large-pore KIT-6 
Silicas Assisted with Butanol 
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3.1 Background 
Alkoxide-based silica sources like tetraethyl orthosilicate (TEOS) readily hydrolyze and 
condense to form disordered silicas in water. Due to versatility and variable ratios between 
different copolymer blocks, amphiphilic Pluronic surfactants (poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide), PEO-PPO-PEO) are very convenient to form 
micelles of various shapes in aqueous solution as a result of the interactions between polymer 
blocks and water. To obtain numerous interesting ordered silica structures, Pluronic surfactants 
F127 (EO106PO70EO106), F108 (EO133PO49EO133), P103 (EO17PO60EO17), and P123 
(EO20PO70EO20) are used as templates. 2-D hexagonal SBA-15 silica with cylindrical mesopores 
and face-centered cubic FDU-12 silica with spherical mesopores form in a wide range of 
synthesis conditions. Different conditions can be used to afford highly-ordered SBA-15 and 
FDU-12 with different pore sizes, wall thicknesses, and pore volumes. However, bicontinuous 
cubic Ia3d KIT-6 only can be obtained in a very narrow range of conditions. Herein, it is shown 
that we developed the synthesis of large-pore KIT-6 using butanol as an additive as in earlier 
report of KIT-6 synthesis 1,2, but under much higher acid concentration and with the assistance of 
micelle swelling agent.  
Pluronic copolymers are sensitive to temperature in aqueous solution. Higher temperature 
leads to higher hydrophobicity of Pluronic copolymers, while lower temperature causes higher 
hydrophilicity 3. Commonly, syntheses of bicontinuous cubic Ia3d KIT-6 silica were carried out 
at an initial temperature above 35 oC 3,4. Because BuOH is a co-solvent which tends to interact 
with both hydrophobic and hydrophilic blocks of Pluronic copolymers, it helps copolymers in 
forming micelles of different surface curvature in aqueous solution. With the assistance of BuOH 
as a co-solvent, the synthesis of cubic Ia3d structure was achieved at 35 oC by Kleitz et al. 1,2. It 
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is known that relatively low concentration of HCl can slow down the hydrolysis of alkoxysilane 
precursors. Moderate concentrations of HCl (0.5 M) were used in Kleitz’s method instead of 
higher concentrations of HCl (>1 M) adopted in most other methods of Pluronic-templated 
syntheses of mesoporous silicas. What is more, co-solvent BuOH also may have partially worked 
as swelling agent and was helpful in increasing the maximum pore size and achieving a tunable 
size range. Bicontinuous cubic Ia3d silica in BuOH-assisted method reached the pore diameter 
up to 12 nm 1,2. 
Addition of an appropriate amount of micelle swelling agents (also called micelle expanders) 
like 1,3,5-triisopropylbenzene (TIPB), 1,3,5-methylbenzene (TMB), and xylene are used to 
enlarge pore sizes of various silicas such as hollow spheres, FDU-12 and SBA-15 5-10. However, 
the development of swelling agent based methods to synthesize KIT-6 is in initial stage and did 
not bring any appreciable pore size increase 11 (Chapter 2), even if it already appeared to 
improve the robustness of the synthesis. In this project, a method was elaborated in which the 
addition of a small amount of a swelling agent combined with butanol afforded ordered 
mesoporous KIT-6 silicas of Ia3d structure with exceptionally large pore sizes and large pore 
volumes. 
3.2 Experimental Section 
3.2.1 Chemicals 
Pluronic P123 was given as a research sample from BASF. 1,3,5-Triisopropylbenzene (TIPB) 
was obtained from Alfa Aesar. Tetraethyl orthosilicate (TEOS) was purchased from Acros. 
Butanol (BuOH) was purchased from Fisher Scientific. All of these chemicals were used directly 
without further purification.  
3.2.2 Synthesis 
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In a typical synthesis of nanoporous silica with cubic Ia3d structure, 2.40 g of Pluronic P123 
poly(ethylene oxide)−poly(propylene oxide)−poly(ethylene oxide) triblock copolymer 
(EO20PO70EO20; molecular weight of 5800 g/mol) was added to 84.0 mL of 1.3 M HCl solution 
with mechanical stirring at room temperature in an open polypropylene (PP) bottle. One hour 
later, the PP bottle with solution in it was transferred to a water bath with temperature set at 25 
oC (or other selected temperature) and the stirring was continued. One hour later, 5.5 mL of 
TEOS and 0.2 mL (or other volume) of TIPB were added to the solution stirred at around 350 
rpm by tuning the speed control knob of  the motor of the mechanical stirrer. 5 min later, 4.0 mL 
(or other volume) of BuOH was added. The reaction was allowed to proceed for 24 hours at 25 
oC (or other selected temperature) under stirring. The PP bottle was then capped, and the 
synthesis gel was transferred to an oven and heated at 100 °C for 24 h. Alternatively, in some 
cases, the synthesis mixture (or a part of it) was transferred to a Teflon-lined autoclave and 
heated at a higher temperature (110, 120, or 130 °C) for 1 day. The product was filtered out, 
washed with deionized water, and dried in a vacuum oven. The resulting as-synthesized sample 
was calcined at 550 °C for 5 h using a heating rate of 2 °C/min under air flow. Some of the 
samples were also calcined under air at 300 °C. 
3.2.3 Measurements 
Small-angle X-ray scattering (SAXS) patterns were recorded on a Bruker Nanostar U small-
angle/wide-angle X-ray scattering instrument equipped with a rotating anode Cu Kα radiation 
source (operated at 50 kV and 24 mA) and with Vantec 2000 2-dimensional detector. Samples 
were put in an opening of an aluminum sample holder taped at both sides with a Kapton tape. 
Nitrogen adsorption-desorption measurements were carried out at -196 °C on a Micromeritics 
ASAP 2020 volumetric adsorption analyzer. Before the analysis, samples were outgassed under 
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vacuum at 200 °C for 2 h in the port of the adsorption analyzer. Transmission electron 
microscopy (TEM) images were acquired on a FEI Tecnai spirit microscope operated at 120 kV. 
Before the imaging, the samples were dispersed in ethanol by sonication for 0.5 h and 
subsequently deposited on a carbon-coated copper grid. The solvent was evaporated under air at 
room temperature before TEM analysis. KIT-6 silicas are relatively difficult to disperse in 
ethanol, so the KIT-6 in ethanol needed sonication for an additional time when no KIT-6 silica 
material was located on the copper grid during TEM imaging.  
  
3.2.4 Calculations 
(See 2.1.4)   
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3.3 Results and discussion 
3.3.1 Effect of the amount of BuOH 
Table 3.1 Properties of samples prepared with different volumes of BuOH synthesized at 25 oC a 
BuOH/ 
(ml) 
BET 
surface area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore diameter 
(nm) 
Interplanar spacing (nm) b 
As-synthesized Calcined 
2.45 702 0.90 9.87 11.31 10.57 
3.00 773 0.94 9.97 11.17 10.57 
3.50 898 1.10 10.22 10.83 10.26 
4.00 c 835 1.09 9.52 10.63 9.86 
4.50 c 908 1.03 9.93 10.56 9.97 
5.00 783 1.01 9.80 11.17 10.26 
5.50 805 0.65 8.27 11.03 10.20 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.2 mL of TIPB, 84.0 mL of 1.3 M 
HCl, synthesis temperature 25 oC, hydrothermal treatment temperature 100 oC; 
b The interplanar spacing is calculated based on the first (main) peak of the SAXS pattern; 
c These two samples are KIT-6 silica. 
 
In this research project, we explored if the addition of butanol to the synthesis mixture 
otherwise suitable for the synthesis of large-pore SBA-15 19 provides an avenue for KIT-6 
synthesis with exceptionally large unit-cell size and pore diameter. TEM images showed that it is 
possible to obtain a material has a large ordered domain size (Figure 3.1) and with other 
remadiable features as discussed below. To find a starting point of the new BuOH-based 
synthesis method in the presence of swelling agent TIPB, attempts were made at 17 oC and 25 oC 
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(which can be considered as room temperature) to find a sequence of addition of butanol, and 
silica precursor that would lead to KIT-6. One condition (P123: 2.4 g, TEOS: 5.5 mL, BuOH: 4 
mL, TIPB: 0.2 mL, 1.3 M HCl: 84.0 mL, initial synthesis temperature: 25 oC) combined with an 
appropriate addition sequence was finally found to afford bicontinuous cubic Ia3d structure. The 
structure was characterized by SAXS, and gas adsorption. SAXS pattern clearly shows 
characteristic peaks (211, 220, and 332) of Ia3d structure (Figure 3.2). The 110 peak appears in 
the pattern of KIT-6 sample before calcination. It is likely to be a reflection for I4132 symmetry 
in a part of or the whole material, which is lower than the Ia3d symmetry. It may result from 
nonuniform distribution of surfactant and/or swelling agent in the mesopores of as-synthesized 
bicontinuous cubic Ia3d materials as discussed elsewhere 11. The calcination allowed one to 
achieve the cubic Ia3d symmetry (Figure 3.2). Besides, compared to corresponding peaks on 
SAXS patterns of silica materials before calcination, SAXS peaks (Figure 3.2) of silica materials 
after calcination shifted a little to higher angles and all the d211-spacings of calcined silica 
materials are smaller than those of as-synthesized silica materials (Table 3.1). If we consider 
KIT-6 prepared with 4 mL of BuOH for example, the d211-spacing of the as-synthesized silica 
material is 10.63 nm, while that of calcined silica material is 9.86 nm, which is smaller. It 
indicates the shrinkage of the framework upon removal of Pluronic P123 template by calcination 
at 550 oC.  
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Figure 3.1 Typical TEM image for a calcined cubic Ia3d (KIT-6) silica sample prepared with 
P123/butanol/TIPB as the structure-directing mixture and TEOS as silica source, with 5.5 mL of 
BuOH and 0.5 mL of TIPB relative to Pluronic P123 (2.40 g) at 13 oC. The sample was 
hydrothermally treated at 100 oC, and calcined at 550 oC. 
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Figure 3.2 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared at 25 oC with different volumes of BuOH relative to Pluronic P123 (2.40 g). 
 
 
Figure 3.3 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared at 25 oC with different volumes of BuOH relative to Pluronic P123 (2.40 g). The 
isotherms for samples prepared with 3.0, 3.5, 4.0, 4.5, 5.0, and 5.5 mL of BuOH were offset 
vertically by 500, 1000, 1500, 2000, 2500, and 3000 cm3 STP g-1, respectively. 
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In this synthesis method for bicontinuous cubic mesoporous silica, two solvents are used, that 
is, deionized water and butanol. They can interact with different blocks of amphiphilic Pluronic 
P123 triblock copolymer. The silica nanostructure is very sensitive to the amount of BuOH. At a 
particular temperature, acid concentration, and amount of block copolymer, the ratio of butanol 
to water, and the relative amount of a swelling agent determine the morphology of mesoporous 
silica, which can be 2-D hexagonal SBA-15, bicontinuous cubic KIT-6, or disordered. With the 
increase in volume of BuOH from 2.45 mL to 5.50 ml, the morphology of synthesized silica 
changes from 2-D hexagonal SBA-15 through KIT-6 to disordered phase: SBA-15 (2.45 mL, 
3.00 mL), the mixture of SBA-15 and KIT-6 (3.50 mL), KIT-6 (4.00 mL, 4.50 mL), and weakly 
ordered or disordered phase (5.00 mL, 5.50 mL) (Figure 3.2). The phase progression presumably 
results from the interaction between butanol and triblock copolymer blocks which is expected to 
mainly exist on the hydrophobic-hydrophilic interface in the micelles 2. The addition of butanol 
increases the ratio of the hydrophobic domain volume to hydrophilic domain volume, which 
decreases the curvature of the micelle surface.  
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Table 3.2 The (100) interplanar of 2-D hexagonal samples prepared with different volumes of 
BuOH synthesized at 17 oC a 
BuOH/ 
(ml) 
Interplanar spacing (nm) 
As-synthesized Calcined  
2.4 11.31 10.26 
3.0 11.17 10.26 
3.5 10.83 9.97 
4.0 10.83 10.26 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.2 mL of TIPB, 84.0 mL of 1.3 M 
HCl, synthesis temperature 17 oC, hydrothermal treatment temperature 100 oC. 
 
In many synthesis methods of various mesoporous silicas in the presence of swelling agents, the 
lowering of the synthesis temperature is one of the ways to enlarge the pore size. So 17 oC was 
used as synthesis temperature to develop bicontinuous cubic Ia3d structure. The use of 2.4 g of 
Pluronic P123, 5.5 mL of TEOS, and 0.2 mL of TIPB, 4.0 ml of butanol can afford pure 
bicontinuous Ia3d structure at 25 oC (Figure 3.2), but it affords pure 2-D hexagonal structure 
(characteristic peak indexes: (100), (110), and (200)) at 17 oC (Figure 3.4). At the lower 
synthesis temperature, Pluronic P123 becomes more hydrophilic, which may compromise the 
hydrophobic-hydrophilic balance which affords cubic Ia3d structure. To regain the balance, the 
addition of more of the organic additive, either butanol or TIPB, is needed. Therefore, when 
keeping most conditions constant including amount of TEOS (5.5 mL) and synthesis temperature 
(17 oC), 0.4 ml of TIPB (Table 3.3) was used instead of 0.2 ml used at 25 oC (Table 3.2) to attain 
the hydrophobic-hydrophilic balance needed for the formation of the cubic Ia3d structure. The 
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needed quantity of butanol also increased from 4-4.5 mL at 25 oC to 5.0 mL at 17 oC. The series 
of samples in Table 3.3 clearly shows such effect of the quantity of butanol by observing the 
phase evolution based on SAXS patterns in Figure 3.5 (3.0 - 4.0 ml of BuOH: SBA-15, 4.5 ml of 
BuOH: KIT-6 presumably with SBA-15 contamination, 5.0 ml of BuOH: KIT-6, 5.5 ml of 
BuOH: weakly ordered and unidentified). With 2.4 g of P123, 5.5 ml of TEOS, 0.4 ml of TIPB, 
and synthesis temperature at 17 oC, when the quantity of BuOH increased from 3.0 mL to 5.5 ml, 
the ratio of hydrophobic volume to hydrophilic volume increased gradually leading to apparent 
phase evolution from SBA-15, to mixture of KIT-6 and SBA-15, to KIT-6, and finally to weakly 
ordered phase. 
 
Figure 3.4 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g) at 17 oC 
using 0.2 mL of TIPB. 
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Table 3.3 Properties of samples prepared with different volumes of BuOH synthesized with 0.4 
mL of TIPB at 17 oC a 
BuOH/ 
(ml) 
BET surface 
area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS pore 
diameter (nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
3.0 827 1.13 11.3 12.00 11.31 
3.5 921 1.22 11.1 12.00 11.17 
4.0 773 0.91 10.5 11.76 10.83 
4.5 863 0.99 11.0 11.31 10.57 
5.0 b 829 1.11 11.0 11.31 10.20 
5.5 778 0.94 12.7 11.61 10.96 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.4 mL of TIPB, 84.0 mL of 1.3 M 
HCl, synthesis temperature 17 oC, hydrothermal treatment temperature 100 oC. 
b This sample is KIT-6 silica. 
 
 
 
Chapter 3 
78 
 
 
Figure 3.5 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g) and 0.4 ml 
of TIPB at 17 oC. 
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Figure 3.6 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g) and TIPB (0.4 mL) 
at 17 oC. The isotherms for samples prepared with 3.5, 4.0, 4.5, 5.0, and 5.5 mL of BuOH were 
offset vertically by 500, 1000, 1500, 2000, and 2500 cm3 STP g-1, respectively. 
 
Based on Tables 3.1 and 3.3, it appears that the lowering of the temperature accompanied by 
appropriate increases in relative amounts of BuOH and TIPB is a feasible method to obtain 
bicontinuous cubic KIT-6 with larger pores under the conditions considered here. The pore 
diameters of 3-D bicontinuous cubic KIT-6 synthesized at 25 oC were 9.52 and 9.93 nm, while 
the pore diameter of bicontinuous cubic KIT-6 synthesized at 17 oC was 11.0 nm. Therefore, 
lower synthesis temperatures 15, 13, 11, 9 oC were tried to prepare KIT-6 silicas with even larger 
mesopores (Tables 3.5-3.9, Figures 3.8 – 3.16). Pure ordered KIT-6 samples were found at 15 oC 
(Table 3.5: 5.5 mL of BuOH), 13 oC (Table 3.6: 5.5 mL of BuOH), and 11 oC (Table 3.8 6.0 mL 
of BuOH, however, this synthesis was not reproducible). Their pore diameters were 11.7, 12.2, 
and 12.6 nm, respectively, which were larger as expected.  
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Table 3.4 Properties of samples prepared with different volumes of BuOH synthesized with 0.4 
ml of TIPB at 15 oC a 
BuOH/ 
(ml) 
BET surface 
area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore diameter 
(nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
4.5 805 1.09 10.9 11.61 10.70 
5.0 840 1.23 10.8 11.31 10.26 
5.5 b 843 1.21 10.6 11.10 10.20 
6.0 764 0.87 10.0 11.03 10.26 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.4 mL of TIPB, 84.0 mL of 1.3 M 
HCl, synthesis temperature 15 oC, hydrothermal treatment temperature 100 oC; 
b This sample is KIT-6, probably contaminated with SBA-15. 
 
Table 3.4 shows the results of silica samples prepared at an initial synthesis temperature of 15 oC 
with 0.4 mL of TIPB. 4.5, 5.0, 5.5, and 6.0 ml of BuOH were used in the syntheses and 5.5 ml of 
BuOH was found to be the optional volume of BuOH which afforded bicontinuous Ia3d cubic 
KIT6 silica with a very narrow size distribution was obtained (Figures 3.7 and 3.8). Compared to 
the KIT6 silica sample prepared at 17 oC (Table 3.3), the pore sizes did not change much, which 
were 11.0 nm (17 oC) and 10.6 nm (15 oC), while the pore volume increased from 1.11 to 1.21 
cm3/g.  
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Figure 3.7 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g) and 0.4 ml 
of TIPB at 15 oC. 
 
Figure 3.8 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared at 15 oC with 0.4 mL of TIPB and with different volumes of BuOH relative to Pluronic 
P123 (2.40 g). The isotherms for samples prepared with 5.0, 5.5 and 6.0 mL of BuOH were 
offset vertically by 500, 1000, and 1500 cm3 STP g-1, respectively. 
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 Table 3.5 Properties of samples prepared with different volumes of BuOH synthesized with 0.5 
ml of TIPB at 15 oC a 
BuOH/ 
(ml) 
BET surface 
area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS pore 
diameter (nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
4.5 811 1.25 13.0 12.34 11.17 
5.0 b 848 1.39 12.3 11.61 10.70 
5.5 c 1122 1.49 11.7 11.31 10.44 
6.0 1168 1.16 10.3 11.17 11.17 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.5 mL of TIPB, 84.0 mL of 1.3 M 
HCl, synthesis temperature 15 oC, hydrothermal treatment temperature 100 oC; 
b This sample is likely to be KIT-6/SBA-15 mixture; 
c This sample is KIT-6. 
 
Compared to the series of KIT6 silica samples in Table 3.4, 0.5 ml of TIPB was used in the 
synthesis instead of 0.4 ml of TIPB (Table 3.5). Different amounts of BuOH were tried in this 
series and it was found that 5.5 ml of BuOH still was the optimal volume to synthesize 
bicontinuous cubic KIT6 silica (Figure 3.9). It shows the amount of TIPB, as a selling agent, has 
a large effect on the pore size and pore volume. With 5.5 mL of BuOH at an initial synthesis 
temperature of 15 oC, 0.1 ml more TIPB added in the synthesis lead to a large increase of pore 
size from 10.6 to 11.7 nm (Tables 3.4 and 3.5). Surface area was increased from 843 to 1122 
m2/g, and total pore volume was increased from 1.21 to 1.49 cm3/g. The pore size distribution 
was still narrow for the KIT-6 sample prepared under these conditions. (Figure 3.10). 
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Figure 3.9 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g) and 0.5 mL 
of TIPB at 15 oC. 
 
Figure 3.10 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g) and with 0.5 mL of 
TIPB. The isotherms for samples prepared with 5.0, 5.5 and 6.0 mL of BuOH were offset 
vertically by 500, 1000, and 1500 cm3 STP g-1. 
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Table 3.6 Properties of samples prepared with different volumes of BuOH synthesized with 0.5 
ml of TIPB at 13 oC a 
BuOH/ 
(ml) 
BET surface 
area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS pore 
diameter (nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
5.0 851 1.20 12.1 12.00 11.17 
5.5 b 839 1.27 12.2 11.31 10.57 
6.0 b 950 1.62 12.0 11.17 10.89 
6.5 811 0.73 10.7 11.31 - 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.5 mL of TIPB, 84.0 mL of 1.3 M 
HCl, synthesis temperature 13 oC, hydrothermal treatment temperature 100 oC; 
b These two samples are KIT-6. 
 
When the initial synthesis temperature was further decreased to 13 oC, a larger volume of BuOH 
(6.0 ml) was needed to afford bicontinuous cubic KIT6 silica. (Figure 3.11). Pore diameter and 
pore volume increased from 11.7 nm and 1.49 cm3/g to 12.0 nm and 1.62 cm3/g, respectively 
(Tables 3.5 and 3.6). The pore size distribution of the KIT6 sample was still very narrow (Figure 
3.12). 
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Figure 3.11 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g) and 0.5 ml 
of TIPB at 13 oC. 
 
Figure 3.12 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g). The isotherms for 
samples prepared at 13 oC with 0.5 mL of TIPB and with 5.5, 6.0, and 6.5 mL of BuOH were 
offset vertically by 500, 1000, and 2000 cm3 STP g-1, respectively. 
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Table 3.7 Properties of samples prepared with different volumes of BuOH synthesized with 0.5 
ml of TIPB at 11 oC a 
BuOH/ 
(ml) 
BET surface 
area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS pore 
diameter (nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
5.5 839 1.24 12.1 12.34 11.10 
6.0 823 1.20 12.5 12.25 10.96 
6.5 809 0.96 12.3 11.31 10.83 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.5 mL of TIPB, 84.0 mL of 1.3 M 
HCl, synthesis temperature 11 oC, hydrothermal treatment temperature 100 oC. 
 
While the initial synthesis temperature continued decreasing to 11 oC, 0.5 ml of TIPB was not 
able to afford bicontinuous cubic KIT6 silica (Figure 3.13). The pore volume decreased due to 
the relatively smaller pore volume of the structure of SBA-15 (Tables 3.6 and 3.7) and pore size 
distribution became much broader (Figure 3.14). However, compared to the series of samples in 
Table 3.7, 0.1 ml more of TIPB added in the synthesis leads to the formation of bicontinuous 
cubic KIT-6 silica (Tables 3.8 and Figure 3.15). However, the pore size distribution became 
broader compared to the KIT6 silica samples prepared at higher temperatures. However, the 
synthesis of KIT-6 under these conditions was not found to be reproducible. 
 
Chapter 3 
87 
 
 
Figure 3.13 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g) and 0.5 ml 
of TIPB at 11 oC. 
 
Figure 3.14 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared at 11 oC with 0.5 mL of TIPB and with different volumes of BuOH relative to Pluronic 
P123 (2.40 g). The isotherms for samples prepared with 6.0 and 6.5 mL of BuOH were offset 
vertically by 500 and 1000 cm3 STP g-1, respectively. 
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Table 3.8 Properties of samples prepared with different volumns of BuOH per 2.4 g of Pluronic 
P123 synthesized with 0.6 ml of TIPB at 11 oC a 
BuOH/ 
(ml) 
BET surface 
area 
(m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore 
diameter 
(nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
5.5 819 1.11 12.5 12.61 11.61 
6.0 b 823 1.15 12.6 12.00 10.89 
6.5 828 0.84 12.7 11.17 11.10 
7.0 799 0.70 12.7 11.03 10.83 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.6 mL of TIPB, 84.0 mL of 1.3 M 
HCl, synthesis temperature 11 oC, hydrothermal treatment temperature 100 oC. 
b KIT-6 silica. 
Chapter 3 
89 
 
 
Figure 3.15 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different volumes of BuOH relative to Pluronic P123 (2.40 g) and 0.6 ml 
of TIPB at 11 oC. 
 
Figure 3.16 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared at 11 oC with 0.6 mL of TIPB and different volumes of BuOH relative to Pluronic P123 
(2.40 g). The isotherms for samples prepared with 6.0, 6.5, and 7.0 mL of BuOH were offset 
vertically by 500, 1000, and 1500 cm3 STP g-1. 
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3.3.2 Effect of the hydrothermal treatment temperature 
Table 3.9 Properties of samples prepared at 25 oC with 0.2 mL of TIPB, 4 mL of BuOH, and 
different hydrothermal treatment temperatures a 
Hydrothermal 
Treatment 
Temperature/(oC) 
BET surface 
area (m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore diameter 
(nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
100 835 1.09 9.5 10.57 9.86 
120 700 1.24 10.7 10.26 9.86 
a Synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.2 mL of TIPB, 4 mL of BuOH, 84.0 
mL of 1.3 M HCl, synthesis temperature 25 oC. 
 
Hydrothermal treatment is an important step during the synthesis of mesoporous 
silicas. It has been reported that the hydrothermal treatment at a higher temperature can 
increase the pore diameter of mesoporous silicas like SBA-15 and KIT-6 in part by reducing 
the extent of shrinkage upon calcination 7, 10-13. At 0.2 ml of TIPB, 4 ml of butanol, 5.5 ml of 
TEOS, 84.0 ml of 1.3 M HCl, and the synthesis temperature of 25 oC, two hydrothermal 
treatment temperatures (100 oC and 120 oC) were used to investigate the effect of 
hydrothermal treatment (Table 3.9, Figures 3.17 and 3.18). The SAXS patterns of the two 
silica samples shown in Figure 3.17 have (211), (220), and (332) peaks, clearly showing that 
the resultant silica samples are ordered mesoporous KIT-6 silicas.  
Table 3.9 shows that the pore diameter of the silica sample hydrothermally treated at 100 oC is 
9.5 nm, while that of the silica sample hydrothermally treated at 120 oC is 10.7 nm. The 120 oC 
sample is probably contaminated with SBA-15 which may lead to a broader pore size 
distribution (PSD). The BET surface area decreases from 835 m2/g to 700 m2/g. The total pore 
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volume increase from 1.09 cm3/g to 1.24 cm3/g. One interesting observation here is that although 
the higher hydrothermal treatment temperature can enlarge the pore size of ordered mesoporous 
silicas under certain conditions as expected, it reduces the interplanar spacing of as-synthesized 
sample. As shown in the table, the interplanar spacing of as-synthesized silica samples decreased 
from 10.57 nm to 10.26 nm when the hydrothermal treatment temperature increased from 100 oC 
to 120 oC. This phenomenon was reported in the sodium dodecyl sulfate assisted synthesis of 
KIT-6 silicas when the silica sample was hydrothermally treated at 130 oC 11.  
As mentioned in section 3.3.1, many bicontinuous cubic KIT-6 samples were obtained at 
different synthesis temperatures and with different amounts of BuOH and TIPB. Here, 
bicontinous KIT-6 samples synthesized at 13 oC were hydrothermally treated at different 
temperatures to confirm the effect of hydrothermal treatment temperature on the pore size. The 
KIT-6 sample prepared at 13 oC (Tables 3.10 and 3.11) has a larger pore size than KIT-6 sample 
synthesized at 25 oC (Table 3.9) with the same hydrothermal treatment temperature. And higher 
hydrothermal treatment temperature also tends to increase the pore size of the KIT-6 sample 
synthesized at 13 oC as it does at 25 oC. With 0.5 ml of TIPB and 6.0 ml of BuOH, when 
hydrothermal treatment temperatures were 100, 120, and 130 oC, the corresponding pore 
diameters were 12.0, 14.7, and 14.6 nm, respectively (Table 3.10). The silica samples 
hydrothermally treated at 110, 120, and 130 oC were all bicontinuous cubic KIT6 (Figure 3.19). 
The isotherm curves clearly indicate the pore size increased with the increase of hydrothermal 
treatment temperature, while the pore size distribution became broader (Figure 3.20). With 0.6 
ml of TIPB and 6.0 ml of BuOH, when hydrothermal treatment temperatures were 100, 120, and 
130 oC, the corresponding pore diameters were 11.8, 14.6, and 15.2 nm (Table 3.11). It should be 
emphasized that the aforementioned samples prepared with the hydrothermal treatment at 120 
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and 130 oC exhibit pore sizes that are unprecedented for KIT-6 silicas, whose pore diameter was 
reported to be up to around 12 nm. The structures of the three silica samples hydrothermally 
treated at different temperatures all were bicontinuous cubic KIT6 (Figure 3.21). The narrow size 
distributions (Figure 3.22) also are in accord with SAXS result. 
 
 
Figure 3.17 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different hydrothermal treatment temperatures (2.40 g Pluronic P123, 5.5 
ml TEOS, 4.0 ml BuOH, 0.2 ml TIPB, synthesis temperature 25 oC). 
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Figure 3.18 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared with different hydrothermal treatment temperatures (2.40 g Pluronic P123, 5.5 ml 
TEOS, 4.0 ml BuOH, 0.2 ml TIPB, synthesis temperature 25 oC). The isotherm for sample 
prepared at a hydrothermal temperature of 120 oC was offset vertically by 500 cm3 STP g-1. 
 
Table 3.10 Properties of KIT-6 samples prepared at 13 oC with 0.5 mL of TIPB and different 
hydrothermal treatment temperatures a 
Hydrothermal 
Treatment 
Temperature/(oC) 
BET surface 
area (m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore diameter 
(nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
100 950 1.75 12.0 11.17 10.57 
120 b 646 1.65 14.7 11.24 10.96 
130 517 1.48 14.6 11.10 10.76 
a Synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.5 mL of TIPB, 6 mL of BuOH, 84.0 
mL of 1.3 M HCl, synthesis temperature 13 oC. 
b The sample appears to be contaminated with SBA-15. 
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Figure 3.19 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined KIT-6 
silica samples prepared with different hydrothermal treatment temperatures (2.40 g Pluronic 
P123, 5.5 ml TEOS, 6.0 ml BuOH, 0.5 ml TIPB, initial synthesis temperature at 13 oC). 
 
 
Figure 3.20 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined KIT-6 
samples prepared at 13 oC with 6.0 mL of butanol, 0.5 mL of TIPB relative to Pluronic P123 
(2.40 g), and different hydrothermal treatment temperatures. The isotherm for sample prepared at 
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a hydrothermal temperature of 120 oC and 130 oC were offset vertically by 500 and 1000 cm3, 
STP g-1, respectively. 
 
Table 3.11 Properties of samples prepared at 13 oC with 0.6 mL of TIPB, and different 
hydrothermal treatment temperatures a 
Hydrothermal 
Treatment 
Temperature/(oC) 
BET surface 
area (m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore diameter 
(nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
100 838 1.45 11.8 11.69 10.70 
120 581 1.67 14.6 11.69 11.25 
130 671 1.78 15.2 11.92 11.46 
a Synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.6 mL of TIPB, 6 mL of BuOH, 84.0 
mL of 1.3 M HCl, synthesis temperature 13 oC. 
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Figure 3.21 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different hydrothermal treatment temperatures (2.40 g Pluronic P123, 5.5 
ml TEOS, 6.0 ml BuOH, 0.6 ml TIPB, synthesis temperature at 13 oC). 
 
Figure 3.22 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared at 13 oC with 6.0 mL of butanol, 0.6 mL of TIPB relative to Pluronic P123 (2.40 g), and 
different hydrothermal treatment temperatures. The isotherm for sample prepared at a 
hydrothermal temperature of 120 oC and 130oC were offset vertically by 500 and 1000 cm3 STP 
g-1. 
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3.3.3 Effect of the amount of TIPB 
 
Table 3.12 Properties of samples prepared with different volumes of TIPB per 2.4 g of Pluronic 
P123. a 
TIPB/ 
(ml) 
BET surface 
area (m2/g) 
Total pore 
volume (cm3/g) 
BJH-KJS pore 
diameter (nm) 
Interplanar spacing (nm) 
As-synthesized Calcined  
0 893 1.07 7.6 9.44 8.74 
0.1 883 1.08 8.5 10.20 9.44 
0.2 835 1.09 9.4 10.57 9.86 
0.3 803 0.99 10.0 10.83 9.86 
0.4 791 0.70 10.9 11.31 10.20 
0.5 750 0.49 12.0 12.00 10.83 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 4 mL of BuOH, 84.0 mL of 1.3 M 
HCl, synthesis temperature 25 oC, hydrothermal treatment temperature 100 oC. 
 
The surfactant-micelle-templated silica structure and unit-cell size may be sensitive to different 
conditions during the synthesis. A micelle swelling agent can be a very useful additive and can 
greatly affect the properties of resultant silica materials 7, 9, 10, 15, 16, 17. As discussed above, a 
higher hydrothermal treatment temperature can enlarge the pore size in the synthesis of discussed 
here. On the other hand, the addition of more swelling agent (TIPB) not only leads to larger pore 
diameter, but also results in a larger interplanar spacing. In addition, no matter if the morphology 
of the silica material changes or not, with the addition of more TIPB, the pore size increases 
systematically. As shown in Table 3.12, in cases of no TIPB or 0.1 ml, 0.2 ml, 0.3 ml, 0.4 ml, 
Chapter 3 
98 
 
and 0.5 ml of TIPB added, the pore diameters were 7.6, 8.5, 9.4, 10.0, 10.9, and 12.0 nm, 
respectively (Figure 3.24). It shows that only a little volume change (like 0.1 ml per 2.4 g P123) 
of TIPB added in the reaction results in an appreciable pore size change, which indicated that the 
pore size is dependent on the amount of TIPB. It indicates that TIPB, as a swelling agent, mainly 
swells the hydrophobic part of the Pluronic P123 micelles and enlarge the diameter of the 
hydrophobic domain so that the resultant porous silicas have a larger pore size. At the same time, 
due to the change of hydrophobic/hydrophilic volume ratio as a result of the addition of a 
different amount of TIPB, there might be a phase change of the silica materials. The resultant 
morphologies are 2D hexagonal SBA-15 (0 and 0.1 mL of TIPB), bicontinuous cubic KIT-6 (0.2 
and 0.3 mL of TIPB), and a weakly ordered, unidentified structure (0.4 and 0.5 ml of TIPB) 
(Figure 3.23 (a) (b)). 
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Figure 3.23 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different amount of TIPB (2.40 g Pluronic P123, 5.5 ml TEOS, 4.0 ml 
BuOH, synthesis temperature at 25 oC). 
 
 
Figure 3.24 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared at 25 oC with 4.0 mL of butanol and different volumes of TIPB relative to Pluronic 
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P123 (2.40 g). The isotherms for samples prepared with 0.1, 0.2, 0.3, 0.4, and 0.5 mL of TIPB 
were offset vertically by 500, 1000, 1500, 2000, and 2500 cm3 STP g-1, respectively. 
 
3.3.4 Effect of the calcination temperature 
Table 3.13 Properties of samples synthesized at 25 oC calcined at different temperatures a 
Calcination 
Temperature (oC) 
BET surface 
area (m2/g) 
Total pore 
volume 
cm3/g) 
BJH-KJS 
pore diameter 
(nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
550 835 1.09 9.4 
10.57 
9.97 
300 965 1.26 10.4 10.20 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.2 mL of TIPB, 4 mL of BuOH, 
84.0 mL of 1.3 M HCl, synthesis temperature 25 oC, calcination temperature 100 oC.  
 
Generally, it is known that a higher calcination temperature affords smaller pore size and in some 
cases even closes the pores when it goes up to a certain high temperature 17, 18. The as-
synthesized KIT-6 product was synthesized using 84.0 ml 1.3 M HCl, 2.4 g P123, 0.2 ml TIPB, 4 
ml butanol, 5.5 ml TEOS, 25 oC. The product was divided into two parts and calcined at 300 oC 
and 550 oC (Table 3.13). The SAXS patterns of the calcined silica samples in Figure 3.25 
indicate both of them are cubic Ia3d structures. When the calcination temperature is decreased 
from 550 oC (typically used for surfactant-templated silicas) to 300 oC, several structural 
parameters of the calcined samples increase, including the specific surface area (from 835 to 965 
m2/g), total pore volume (from 1.09 to 1.26 cm3/g), pore diameter (from 9.4 to 10.4 nm), and 
interplanar spacing (9.97 to 10.20 nm). It confirms the result obtained in many previous 
publications that higher calcination temperature can lead to shrinkage of silica pores 11, 17. KIT-6 
Chapter 3 
101 
 
sample synthesized under a condition of 84.0 ml 1.3 M HCl, 2.4 g P123, 0.4 ml TIPB, 5 ml 
Butanol, 5.5 ml TEOS, and 17 oC also was calcined at 300 and 550 oC and the same effect was 
observed (Table 3.14). What is more, compared to the pore diameters of the sample synthesized 
at 25 oC (9.4 nm after calcination at 550 oC, 10.4 nm after calcination at 300 oC), the pore 
diameters of the sample synthesized at 17 oC are larger (11.0 nm after calcination at 550 oC, 11.7 
nm after calcination at 300 oC). Therefore, the lowering of the calcination temperature is a way 
to obtain larger pore diameters, in addition to the lowering of the initial synthesis temperature 
with appropriate adjustment of volumes of butanol and TIPB, as well as the use of high 
hydrothermal treatment temperature. 
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Figure 3.25 Small-angle X-ray scattering patterns of as-synthesized and calcined silica samples 
prepared with different calcination temperatures (2.40 g Pluronic P123, 5.5 ml TEOS, 4.0 ml 
BuOH, 0.2 ml TIPB, synthesis temperature at 25 oC). 
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Figure 3.26 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared at 25 oC with 4.0 mL of BuOH and 0.2 mL of TIPB with different calcination 
temperatures. The isotherm for sample prepared with calcination temperature of 300 oC was 
offset vertically by 500 cm3 STP g-1. 
 
Table 3.14 Properties of samples synthesized at 17 oC and calcined at different temperatures. a 
Calcination 
Temperature (oC) 
BET surface 
area (m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore diameter 
(nm) 
Interplanar spacing (nm) 
As-synthesized Calcined 
550 829 1.11 11.0 
11.31 
10.20 
300 940 1.26 11.7 10.96 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.4 mL of TIPB, 5 mL of BuOH, 
84.0 mL of 1.3 M HCl, synthesis temperature 17 oC, hydrothermal treatment temperature 100 oC. 
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Figure 3.27 Small-angle X-ray scattering patterns of as-synthesized and calcined silica samples 
prepared with different calcination temperatures (2.40 g Pluronic P123, 5.5 ml TEOS, 4.0 ml 
BuOH, 0.4 ml TIPB, synthesis temperature at 17 oC). 
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Figure 3.28 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared at 17 oC with 0.4 mL of TIPB and 5.0 mL of BuOH with different calcination 
temperatures. The isotherm for sample prepared with calcination temperature of 300 oC was 
offset vertically by 500 cm3 STP g-1. 
 
3.3.5 Reproducibility of KIT-6 synthesis with different batch of Pluronic P123 surfactant 
 
Due to the variation of different batches of Pluronic P123 surfactant, which is a synthetic 
polymer, there could be some difference in the silica structure when different batches of Pluronic 
P123 are used in the surfactant-templated syntheses. According to Figure 3.23 which shows the 
SAXS patterns of the silica samples, the first batch of Pluronic P123 that we used in this study 
afforded well-ordered KIT-6 sample, while the second batch gave SBA-15 or a mixture of SBA-
15 and KIT-6. Therefore, a slight adjustment of other conditions like relative amounts of BuOH 
and TIPB could be needed to get the same structure when a different batch of Pluronic P123 is 
used as the template. Amount of TIPB was adjusted to synthesize pure KIT-6 sample with the 
new batch (Table 3.16) and it was found that a little more TIPB (0.3 ml of TIPB instead of 0.2 
ml of TIPB) at 25 oC afforded pure KIT-6 sample.  
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For some batches (or/and some synthesis conditions), the synthesis was very reproducible with 
different batches of Pluronic P123. Both of the two batches of Pluronic P123 (LOT 0010060946 
and LOT 0011850801) afforded pure ordered KIT-6 at 13 oC with 0.6 mL of TIPB and 6.0 mL of 
BuOH and the two obtained KIT-6 samples have similar interplanar spacings (Table 3.17, Figure 
3.32). Therefore, the synthesis of bicontinuous cubic KIT-6 is reproducible, but may require a 
small adjustment of conditions (like the amount of TIPB) when a new batch of Pluronic P123 is 
used. 
 
Table 3.15 Properties of samples prepared with different batches of Pluronic P123. a 
Batch # of Pluronic 
P123 
BET surface 
area (m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore diameter 
(nm) 
 Interplanar spacing (nm) 
As-synthesized Calcined  
LOT 0008464888 b 835 1.17 9.4 10.57 9.86 
LOT 0010060946 c 814 1.15 8.9 10.57 9.49 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.2 mL of TIPB, 4 mL of BuOH, 
84.0 mL of 1.3 M HCl, synthesis temperature 25 oC, hydrothermal treatment temperature 100 oC. 
b KIT-6. 
c SBA-15 or SBA-15/KIT-6 mixture. 
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Figure 3.29 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different batches of Pluronic P123 (2.40 g Pluronic P123, 5.5 ml TEOS, 
0.2 ml TIPB, 4.0 ml BuOH, synthesis temperature at 25 oC). 
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Table 3.16 Properties of samples prepared with different volumes of TIPB per 2.4 g of new 
batch (LOT 0010060946) of Pluronic P123 a 
TIPB/ 
(ml) 
BET surface 
area (m2/g) 
Total pore 
volume (cm3/g) 
BJH-KJS pore 
diameter (nm) 
Interplanar spacing (nm) 
As-synthesized Calcined  
0.1 883 1.18 8.6   
0.2 814 1.15 8.9 10.57 9.49 
0.3 803 1.07 10.0   
a Other synthesis conditions: 2.4 g of P123 (LOT 0010060946), 5.5 mL of TEOS, 4 mL of 
BuOH, 84.0 mL of 1.3 M HCl, synthesis temperature 25 oC, hydrothermal treatment temperature 
100 oC. 
 
Figure 3.30 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different amount of TIPB (2.40 g Pluronic P123 (batch: LOT 
0010060946), 5.5 mL of TEOS, 4.0 mL of BuOH, synthesis temperature at 25 oC). 
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Figure 3.31 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared with different volumes of TIPB relative to Pluronic P123 (2.40 g, batch: LOT 
0010060946). The isotherms for samples prepared with 0.2, and 0.3 mL of TIPB were offset 
vertically by 500 and 1000 STP g-1, respectively. 
 
Table 3.17 Properties of KIT-6 samples prepared with different batch of Pluronic P123. a 
Batch # of Pluronic 
P123 
BET surface 
area (m2/g) 
Total pore 
volume 
(cm3/g) 
BJH-KJS 
pore 
diameter 
(nm) 
 Interplanar spacing (nm) 
As-synthesized Calcined  
LOT 0010060946  824 1.35 12.2 11.92 10.83 
LOT 0011850801  838 1.34 11.8 11.69 10.70 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.6 mL of TIPB, 6 mL of BuOH, 
84.0 mL of 1.3 M HCl, synthesis temperature 13 oC, hydrothermal treatment temperature 100 oC. 
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Figure 3.32 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different batch of Pluronic P123 (2.40 g Pluronic P123, 5.5 ml TEOS, 0.6 
ml TIPB, 6.0 ml BuOH, synthesis temperature at 13 oC). 
 
 
Figure 3.33 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared with different batches of Pluronic P123 (2.40 g Pluronic P123, 5.5 ml TEOS, 0.6 ml 
TIPB, 6.0 ml BuOH, synthesis temperature at 13 oC). The isotherms for samples prepared with 
Pluronic P123 (LOT 0011850801) was offset vertically by 500 STP g-1. 
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3.3.6 Effect of addition sequence of reagents 
To establish the addition sequence of reagents that can produce ordered mesoporous KIT-6 
sample, different sequences of additions of butanol and TEOS were tried in the synthesis of silica 
samples. Addition of butanol 1 hour before addition of TEOS/TIPB mixture afforded ordered 
SBA-15 silica sample, addition of butanol 1 hour after addition of TEOS/TIPB mixture resulted 
in poorly ordered silica samples of unidentified structure, while addition of butanol 5 min after 
addition of TEOS/TIPB mixture led to KIT-6 silica sample. Therefore, addition of butanol 5 min 
after addition of TEOS/TIPB mixture is confirmed to be an appropriate addition sequence in the 
synthesis of KIT-6 sample under the conditions studies herein. 
As reflected in Table 3.19 and Figure 3.35, additional studies were done to determine a more 
accurate sequence of addition of those reagents. BuOH was added 10 minutes after the addition 
of TEOS (Table 3.19, Figure 3.35). Also, BuOH was added together with TEOS, and BuOH was 
added 5 minutes before addition of TEOS. Adding BuOH 5 min after TEOS still appear to be the 
optimal addition sequence, as the resultant sample had a narrow size distribution, and the largest 
pore diameter and volume. It should be noted that it is not clear if all the other addition 
sequences afforded KIT-6, because no SAXS data are available to determine the periodic 
structures of the materials. 
 
 
 
 
 
 
Chapter 3 
112 
 
Table 3.18 Properties of samples prepared with different volumes of TIPB. a 
Addition Sequence 
BET 
surface 
area 
(m2/g) 
Total 
pore 
volume 
(cm3/g) 
BJH-KJS 
pore 
diameter 
(nm) 
Interplanar spacing (nm) 
As-synthesized Calcined  
Adding BuOH 1h before TEOS     10.96 10.20 
Adding BuOH 5 min after TEOS    10.83 9.86 
Adding BuOH 1h after TEOS    11.03 9.97 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.2 mL of TIPB, 4 mL of BuOH, 
84.0 mL of 1.3 M HCl, synthesis temperature 25 oC, hydrothermal treatment temperature 100 oC. 
 
Figure 3.34 Small-angle X-ray scattering patterns of (a) as-synthesized and (b) calcined silica 
samples prepared with different addition sequence of reagents (2.40 g Pluronic P123, 5.5 ml 
TEOS, 4.0 ml BuOH, synthesis temperature at 25 oC). 
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Table 3.19 Properties of samples prepared with different sequences of addition of components. a  
Addition Sequence 
BET surface area 
(m2/g) 
Total pore volume 
(cm3/g) 
BJH-KJS pore 
diameter (nm) 
 
Adding BuOH 5 min before TEOS  813 1.26 11.9 
Adding BuOH with TEOS 813 1.48 12.0 
Adding BuOH 5 min after TEOS 826 1.54 12.8 
Adding BuOH 10 min after TEOS 786 1.39 12.0 
a Other synthesis conditions: 2.4 g of P123, 5.5 mL of TEOS, 0.5 mL of TIPB, 6 mL of BuOH, 
84.0 mL of 1.3 M HCl, synthesis temperature 13 oC, hydrothermal treatment temperature 100 oC. 
 
Figure 3.35 (a) Nitrogen adsorption isotherms and (b) pore size distributions of calcined samples 
prepared with different sequences of additions of components (2.40 g Pluronic P123, 5.5 ml 
TEOS, 0.5 ml TIPB, 6.0 ml BuOH, synthesis temperature at 13 oC). The isotherm for samples 
prepared with the addition sequences of “adding BuOH with TEOS”, “adding BuOH 5min after 
TEOS”, and “adding BuOH 10 min after TEOS” were offset vertically by 500, 1000, and 1500 
cm3 STP g-1, respectively. 
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3.4 Conclusion 
    In the presence of butanol, the use of Pluronic P123 as a micelle template allowed us to 
synthesize the silica with well-defined bicontinuous cubic Ia3d structure at or below room 
temperature. The sequence of addition of reagents to the surfactant solution was TEOS, TIPB 
and then butanol. The synthesis method was proved to be reproducible, even though a slight 
adjustment of the amount of TIPB may be needed when different batches of surfactant Pluronic 
P123 were used. Similar to the SDS-assisted synthesis method for bicontinuous cubic KIT-6 
described in Chapter 2, the lowering of the initial synthesis temperature accompanied with the 
gradual increase of TIPB and BuOH is a feasible way to enlarge the pore size in this butanol-
assisted synthesis method. In the hydrothermal treatment temperature range of 100 – 130 oC, it 
was found that bicontinuous cubic KIT-6 samples were obtained and higher hydrothermal 
treatment temperature leads to a larger pore diameter and pore volume. Compared to previously 
reported synthesis methods of bicontinuous cubic KIT-6 silicas which afforded samples with a 
pore diameter up to around 12 nm, the present butanol-assisted synthesis method involving 
swelling agents achieved much a larger pore size up to ~ 15 nm. 
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4.1 Introduction 
Diabetes mellitus with improper glucose concentrations in the blood, is a major global public 
health epidemic resulting from insufficient production and secretion of insulin from the body due 
to an autoimmune destruction of pancreatic β-cells (type 1 diabetes) or a combination of 
impaired insulin resistance and insulin secretion (type 2 diabetes).1-3 Up to now, subcutaneous 
injections of insulin and regular monitoring of glucose concentration are most conventional 
treatment for diabetes patients.4 However, such self-administration is uncomfortable and painful 
for patients and requires substantial patient compliance. Meanwhile, this open-loop insulin 
delivery, in which the glucose sensing and drug therapy are not coupled directly, does not tightly 
regulate glucose levels in patients.5,6 Furthermore, lack of tight control of blood glucose levels is 
associated with significant patient diseases including limb amputation, blindness, kidney failure, 
and fatal hypoglycemia.7 In order to efficiently realize the detection and treatment of the diabetes, 
multifunctional hybrid microgels with excellent biocompatibility, responsiveness to stimuli, and 
porous structures to host signaling units and therapeutics could be a potential alternative 
method.8-14 Such a multifunctional hybrid microgel is expected to sense glucose levels in human 
body and then respond by secreting the appropriate amount of insulin according to the need of 
patient.15,16 
Boronic acid-based microgels manifest excellent reversible glucose recognition, thus, have the 
potential as insulin carrier for glucose-responsive drug delviery.17,18 After being functionalized 
with optical signaling units such as fluorescent organic moieties, semiconductor quantum dots 
(QDs) and noble metal nanoparticles (NPs), boronic acid-based hybrid microgels can monitor the 
optical signal change as a function of glucose concentration.19-24 However, the excitation 
wavelength of these hybrid microgels is normally located in the UV−visible wavelength region, 
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which have the fluorescence background originated from biomolecules.25-27 Furthermore, the 
poor photostability of organic dyes, potential toxicity of QDs, and high cost of noble metal NPs 
may limit their practical applications.28-31 On the other hand, boronic acid-based hybrid 
microgels with absorption in the NIR wavelength region should be much more preferable 
because biological tissues display much less absorption and scattering to NIR light relative to 
UV-visible light.32 To take the advantage of the NIR light with minimal photodamage and deep 
tissue penetration on tissues,33,34 different types of upconversion NPs that can be excited by NIR 
light have been developed as optical signaling code for intracellular temperature, pH and 
biomolecule-sensing.35-38 Particularly, the upconversion carbon dots (CDs) have been widely 
used as fluorescence probes due to their high chemical and photochemical stability, low toxicity, 
lack of photobleaching, and absence of blinking.39-42 The upconversion CDs could absorb two or 
more low-energy photons and emit fluorescence at a shorter wavelength than the excitation 
wavelength, which could greatly enhance the signal-to-noise ratio as a sensing probe.43-45 
Therefore, the purpose of this work is to develop a type of multifunctional hybrid microgels 
using upconversion CDs as the fluorescence probe to realize the simultaneous NIR upconversion 
fluorescence glucose sensing and glucose-responsive insulin release.  
Herein, we developed a hybrid microgel system composed of the upconversion CDs 
embedded in the boronic acid functionalized polymer microgel network. Specifically, the 
upconversion CDs and the functional co-monomers of 4-vinylphenyl boronic acid (VPBA) and 
acrylamide (AAm) placed in one pot can be readily fabricated into the spherical hybrid microgel 
particles via one-step free radical polymerization in water. VPBA with a boronic acid moiety 
was designed for reversible glucose binding. AAm was designed to (1) complex with the CDs 
and VPBA monomers through the hydrogen bonding interactions among the amino group of 
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AAm, the hydroxyl groups of VPBA, and the surface hydroxyl/carboxyl groups on CDs, and (2) 
improve the glucose sensitivity of the microgels at physiological pH.21 As schematically depicted 
in Figure 4.1, the CDs anchored in the poly(VPBA-AAm) network can serve as the NIR 
upconversion fluorescence signaling units and the porous poly(VPBA-AAm) network can host 
the insulin molecules. It is expected that the reversible glucose binding to the PBA groups will 
induce a reversible volume phase transition of the poly(VPBA-AAM)-CDs hybrid microgels in 
response to the fluctuation of glucose concentration in the surrounding medium, which will 
change the physicochemical environment of the CDs closely complexed in the gel network, 
hence convert the biochemical signals into the fluorescent signals under the excitation of NIR 
light. It is also expect that the glucose-responsive volume phase transition of the hybrid 
microgels will modulate the delivery of the preloaded insulin. 
 
Figure 4.1 Schematic illustration of multifunctional hybrid microgels with CDs randomly 
embedded in the glucose-responsive poly(VPBA-AAm) gel network for integration of NIR 
upconversion fluorescence glucose sensing and glucose-responsive insulin release.   
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4.2 Experimental 
4.2.1 Materials  
D(t)-Glucose was purchased from ACROS, and all other chemicals were purchased from 
Aldrich. The lyophilized fluorescein isothiocyanate-labeled insulin (FITC-insulin) from bovine 
pancreas ( ～ 5800 Da), 4-vinylphenylboronic acid (VPBA), acrylamide (AAm), N,N-
methylenebisacrylamide (BIS), 2,2-azobis(2-methylpropionamidine) dihydrochloride (AAPH), 
sodium dodecyl sulfate (SDS), HCl (37%), were used as received without further purification. 
The water used in all experiments was of Millipore Milli-Q grade. 
4.2.2 Synthesis of carbon dots (CDs) 
CDs were synthesized via an acid-assisted ultrasonic and thermal treatment of glucose. In a 
typical synthesis, glucose (2.70 g) was dissolved in deionized water (10 mL). After intense 
sonication for 20 min, 30.0 mL of HCl (37 wt %) was slowly added into the above solution. The 
mixed solution was then treated ultrasonically for 8 h and transferred into a 50 mL Teflon-lined 
stainless autoclave. The precursor solution was heated to and maintained at 200 °C. After 24 h, 
the solution was cooled naturally to room temperature. The resulted CDs were purified with 
repeated centrifugation and redispersion in water for three cycles so that larger CDs could be 
removed from products. Finally, the aqueous dispersion of CDs was dialyzed for 7 days 
(Spectra/Pormolecularporous membrane tubing, cutoff 12 000–14 000) at room temperature 
(≈22 °C). The dialytic aqueous dispersion of CDs was then collected and dried to get solid CDs. 
4.2.3 Preparation of poly(VPBA-AAm)-CDs hybrid microgels 
The CDs with strong NIR upconversion fluorescence were synthesized and collected using 
the previously reported method. In a 250 mL round-bottom flask equipped with a stirrer, a N2 gas 
inlet, and a condenser, AAm (0.102 g) was added into aqueous solution (97 mL, 0.1 mg/mL) of 
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CDs, and then the mixture solution was heated to 70 o C for 30 min. After that, VPBA (1.84 g), 
BIS (0.0736 g) and SDS (0.0508 g) was added into above mixture solution under stirring. After 
the temperature was maintained for 60 min under N2 purge, the polymerization was initiated by 
adding 3.00 mL AAPH solution of 0.105 M. The polymerization reaction was allowed to 
proceed for 6 h. The solution was centrifuged at 16,000 rpm (30 min, Thermo Electron Co. 
SORVALL®RC-6 PLUS superspeed centrifuge) with the supernatant discarded and the 
precipitate redispersed in 100 mL deionized water. This procedure was repeated for three times. 
To remove unreacted monomers and free CDs, the resultant hybrid microgels with a volume of 
100 mL was further purified by 10 days of dialysis (Spectra/Por®molecularporous membrane 
tubing, cutoff 12000-14000 Dalton MWCO) against very frequently changed water at room 
temperature. 
4.2.4 Preparation of insulin-loaded poly(VPBA-AAm)-CDs hybrid microgels 
FITC-insulin was loaded into the hybrid microgels by complexation method. A stock solution 
of FITC-insulin (1 mg/mL) was prepared in 0.005 M phosphate buffer saline (PBS) of pH = 7.40 
and stored in the refrigerator (4 °C). The hybrid microgels (5 mL, 0.5 mg/mL) dispersion placed 
in a vial was stirred in an ice water bath for 30 min and 1 mL of FITC-insulin solution was then 
added dropwise to the vial. The immediate clouding revealed the hydrogen bonding 
complexation of the hydroxyl groups in the insulin molecules with the hydroxyl/amide groups on 
the poly(VPBA-AAm) microgel network chains. After stirring overnight, the suspension was 
centrifuged at 16,000 rpm for 30 min at 22 °C. To remove free insulin, the precipitate was 
redispersed in 5 mL of PBS of pH = 7.40 and further purified by repeated centrifugation and 
washing. Finally, the precipitate was redispersed in 5 mL of PBS of pH = 7.40. All the upper 
clear solutions were collected and diluted to a fixed volume. The concentration of the remaining 
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free insulin was determined by fluorescence spectrometry at 518 nm upon excitation at 492 nm. 
The amount of loaded FITC-insulin in hybrid microgels was calculated from the difference of the 
initial amount of insulin used for loading process and the remaining free insulin in the upper 
solutions. The loading content is expressed as the mass of loaded drug per unit weight of dried 
hybrid microgels. 
4.2.5 Preparation of insulin-loaded poly(VPBA-AAm)-CDs hybrid microgels 
The in vitro release of FITC-insulin from the hybrid microgels was evaluated by the dialysis 
method. The FITC-insulin loaded hybrid microgels were redispersed in 5 mL PBS solution 
(0.005 M, pH=7.4). Four dialysis bags filled with 1 mL of such FITC-insulin loaded hybrid 
microgel dispersion were immersed in 50 mL 0.005 M buffer solutions of pH = 7.40 but at 
different glucose concentrations (0 mM, 5 mM, 10 mM and 20 mM) at physiological temperature 
of 37 oC. The released insulin outside of the dialysis bag was sampled at defined time period and 
assayed by fluorescence spectrometry. Cumulative release is expressed as the total percentage of 
insulin released through the dialysis membrane over time. 
4.2.6 In vitro cytotoxicity of free CDs, poly(VPBA-AAm) microgels and poly(VPBA-AAm)-CD 
hybrid microgels 
In this study, B16F10 cells and 4T1 cells were respectively cultured in the 96 wells 
microplate with 100 μL medium containing about 2,000 seeded cells in each well. After an 
overnight incubation for attachment, the medium was removed and another 100 μL medium 
containing different amount of free CDs, poly(VPBA-AAm) microgels and poly(VPBA-AAm)-
CDs hybrid microgels was added to make the final exact concentration of 100, 50, 25, and 12.5 
μg/mL for each sample, respectively. Wells with the normal medium only were used as control. 
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After incubating for 24 h, 10 μL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium 
bromide (MTT) solution (5 mg/ml in PBS) was added into the wells. The wells were further 
incubated in a humidified environment of 5 % CO2 and 37 °C for 2 h. The medium were 
removed after 2 h and 100 μL of DMSO solution was added. The plates were gently agitated 
until the formazan precipitate was dissolved, followed by measurement of optical density value 
by spectrophotometer at 570 nm and 690 nm. 
4.2.7 Histopathological evaluation 
After an intracardial perfusion of buffered 10% formalin, whole organs (heart, kidney, liver, 
lung and spleen) of C57BL/6 mice were removed through necropsy and post fixed in the same 
fixative for 48 h and embedded in paraffin processed for histology, sliced into 5 µm sections, and 
stained with hematoxylin and eosin (H&E) according to standard clinical pathology protocols. A 
veterinary pathologist was then consulted to evaluate if any signs of acute toxicity were present 
in these clearance organs. Samples were submitted to pathology assay 5 days after intravenous 
administration of the hybrid nanogels (n = 3) at a concentration of 1 mg/ mL and compared to 
mice receiving no injection (n=3). 
4.2.8 Characterization 
Transmission electron microscopy (TEM) images were taken on a FEI TECNAI transmission 
electron microscope at an accelerating voltage of 120 kV. Field emission scanning electron 
microscopy (FE-SEM) imaging was performed on an AMRAY 1910 Field Emission Scanning 
Electron Microscope. Two-photon imaging was performed using an Olympus FV1000 MPE 
BX61 multi-photon microscope with excitation wavelength at 900 nm. The UV-vis absorption 
spectra were obtained on a Thermo Electron Co. Helios β UV-vis Spectrometer. The FT-IR 
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spectra were recorded with a Nicolet Instrument Co. MAGNA-IR 750 Fourier transform infrared 
spectrometer. The UV light was provided by a 250 W high-pressure fluorescent Hg lamp. The 
PL spectra were obtained on a JOBIN YVON Co. FluoroMax®-3 Spectrofluorometer equipped 
with a Hamamatsu R928P photomultiplier tube, calibrated photodiode for excitation reference 
correction from 200 to 980 nm, and an integration time of 1 s. Dynamic light scattering (DLS) 
was performed on a standard laser light scattering spectrometer (BI-200SM) equipped with a BI-
9000 AT digital time correlator (Brookhaven Instruments Inc.) to measure the hydrodynamic 
radius (Rh) distributions. A Nd:YAG laser (150 mW, 532 nm) was used as the light source. The 
hybrid microgel dispersion was passed through Millipore Millex-HV filters with a pore size of 
0.80 m to remove dust before the DLS measurement. 
 
4.3 Results and Discussion 
 
Figure 4.2 (A) TEM image, (B) lattice fringe, and (C) typical UV-Vis spectrum of the as-
obtained CDs, respectively. The inset in (C) is photographs of the aqueous dispersions of the 
CDs irradiated without (left) and with (right) a UV light (wavelength = 365 nm). 
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Our strategy to prepare the poly(VPBA-AAm)-CDs hybrid microgels involves the first 
synthesis of water-dispersible CDs bearing surface carboxyl/hydroxyl groups, followed by one-
step free radical dispersion copolymerization of the VPBA (86.7mol%), AAm (10.0mol%) and 
CDs in the presence of BIS (3.33 mol%) at 70 C. The VPBA monomers (pKa ~ 8.9) are nearly 
neutral in deionized water and thus relatively hydrophobic. Figure 4.2A-B shows the TEM 
images of the synthesized CDs for this work. The CDs have an average size of 4 nm and an inter-
planar distance of 0.33 nm, which corresponds to the (002) lattice fringes of graphite. The UV-
vis absorption spectrum of the CDs in Figure 4.2C exhibits a sharp absorption peak at 241 nm, 
which can be ascribed to the π−π* transition of aromatic domains in the CDs.45 As shown in 
Figure 4.1, the CDs bearing the surface hydroxyl/carboxyl groups can complex with both the 
hydrophilic AAm monomers and the relatively hydrophobic VPBA monomers via hydrogen 
bonding interactions as well as the hydrophobic associations. Considering that the hydrophobic 
VPBA monomers are dominant in the reactant mixture, small amount of SDS (~1/5 CMC) was 
used as additional stabilizing agent for the dispersed VPBA-AAM-CDs complex particles before 
the polymerization.  
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Figure 4.3 Typical SEM (A) and TEM (B) images of poly(VPBA-AAm)-CDs hybrid microgels. 
(C) TEM image of single poly(VPBA-AAm)-CDs hybrid microgel. Transmission (D) and two-
photon fluorescence (E) images of poly(VPBA-AAm)-CDs hybrid microgels. Excitation laser 
wavelength is 900 nm. 
 
The morphology of the as-obtained hybrid microgels was characterized by SEM and TEM. 
Both SEM and TEM images in Figure 4.3A-C show that poly(VPBA-AAm)-CDs hybrid 
microgels are monodispersed and have spherical shape with an average diameter of 350 nm. 
When the aqueous dispersion of these hybrid microgels was exposed to UV light (365 nm), blue 
light was obviously emitted (Figure 4.4). In contrast, no significant fluorescence was observed 
for the control microgels of poly(VPBA-AAm) when exposed to the same UV light. This result 
indicates that the highly fluorescent CDs have been successfully embedded into the poly(VPBA-
AAm) microgel network, resulting from the stable hydrogen bonding complexations of the 
surface hydroxyl/carboxyl groups on CDs with the amide groups of AAm and boronic acid 
groups of VPBA.46 The CDs synthesized for this work display strong upconversion fluorescence 
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under the excitation in the NIR wavelength range of 780-980 nm (Figure 4.5). It should be 
mentioned that the upconversion fluorescence of the CDs measured from the spectrofluorometer 
might originate from the equipment artifact.47-49 However, the real strong upconversion 
fluorescence of CDs could be detected under the excitation of a femtosecond pulsed infrared 
laser.48 Here, we apply two-photon fluorescence imaging technique using a femtosecond infrared 
laser of 900 nm to confirm the upconversion fluorescence of the CDs immobilized in our 
poly(VPBA-AAm)-CDs hybrid microgels. It is known that two-photon fluorescence microscopy 
using NIR light as the excitation source has big advantages of deep penetration in biological 
tissues, low photobleaching and weak autofluorescence when applied to observe the cellular 
structure and biological process.50-52 
  Figure 4.3D and E show the transmission (D) and two-photon fluorescence (E) images of the 
poly(VPBA-AAm)-CDs hybrid microgels upon an excitation by a femtosecond infrared laser of 
900 nm. First, the hybrid microgels do exhibit bright green fluorescence under the excitation of 
the NIR laser of 900 nm so that individual hybrid microgels can be directly observed under the 
NIR laser. Second, compared to the spherical shape of the hybrid microgels observed in the 
transmission image in Figure 4.3D, the two-photon fluorescence image on the same hybrid 
microgels did not show regular shape and uniform distribution, which indicates that the CDs are 
randomly embedded in the microgel networks. It should be mentioned that the poly(VPBA-AAm) 
microgels could not be imaged (or observed) by the two-photon fluorescence microscopy 
because there is no fluorescence emitted when the poly(VPBA-AAm) microgels were exposed to 
NIR laser (Figure 4.6). This result further prove that the bright NIR upconversion fluorescence 
from the poly(VPBA-AAm)-CDs hybrid microgels are originated from the CDs randomly 
complexed in the poly(VPBA-AAm) network 
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Figure 4.4 The photographs of the aqueous dispersions of poly(VPBA-AAm) microgels (a and c) 
and poly(VPBA-AAm)-CDs hybrid microgels (b and d) without/with an exposure to the UV 
light (365 nm). 
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Figure 4.5 Upconverted PL spectra obtained under excitation wavelengths from 980 nm to 700 
nm of the free CDs in water. 
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Figure 4.6 Transmission (a) and two-photon fluorescence (b) images of poly(VPBA-AAm) 
microgels. Excitation laser wavelength is 900 nm. 
 
The photoluminescence (PL) spectra of the free CDs, poly(VPBA-AAm) microgels, and 
poly(VPBA-AAm)-CDs hybrid microgels were collected to study the optical properties of the 
hybrid microgels. As shown in Figure 4.7A, the free CDs demonstrated a broad emission peak 
with the maximum emission intensity located at 509 nm under an excitation wavelength of 900 
nm, which can be attributed to the multiphoton activation process similar to the previously 
reported results observed on other CDs.53,54 The poly(VPBA-AAm) control microgels have no 
obvious emission peak. In contrast, the poly(VPBA-AAm)-CDs hybrid microgels demonstrated 
strong upconverted PL properties with a characteristic broad emission peak similar to the one 
from free CDs, proving a successful immobilization of the CDs in the interior of the poly(VPBA-
AAm) microgel networks. Furthermore, a red-shift of emission peak from 509 nm of free CDs to 
515 nm from the CDs embedded in the poly(VPAB-AAm)-CDs hybrid microgels were observed, 
indicating the complexation interactions between the surface –OH/–COOH groups of CDs with 
the amide/-OH groups on the poly(VPBA-AAm) network chains. To further confirm the 
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hydrogen bonding interactions between the CDs and the microgel network chains, a comparison 
of the FT-IR spectra of free CDs, poly(VPBA-AAm) microgels and poly(VPBA-AAm)-CDs 
hybrid microgels was presented. As shown in Figure 4.7B, the characteristic absorption peaks of 
the surface -OH groups on free CDs are presented in the spectrum of the poly(VPBA-AAm)-CDs 
hybrid microgels, but the corresponding bands shift from 3331 cm-1 to 3430 cm-1 for –OH groups. 
In addition, the peaks for amide I at 1504 cm-1 and amide II at 1600 cm-1 in the poly(VPBA-
AAm) microgels were respectively shifted to 1515 cm-1 for amide I and 1614 cm-1 for amide II 
in the poly(VPBA -AAm)-CDs hybrid microgels. These peak shifts further indicate that the 
amide groups on the poly(VPBA -AAm) network chains have strong hydrogen bonding 
interactions with the surface –OH/–COOH groups on the CDs that are in situ embedded in the 
poly(VPBA-AAm) microgels. These results confirm that our one-pot dispersion 
copolymerization of the VPBA and AAm comonomers complexed with the –OH/–COOH 
bearing CDs is feasible to immobilize the CDs in the poly(VPBA-AAm) network.  
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Figure 4.7 (A) Typical PL and (B) FT-IR spectra of the free CDs, poly(VPBA-AAm) microgels, 
and poly(VPBA-AAm)-CDs hybrid microgels, respectively. Excitation wavelength=900 nm. 
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The reversible binding of glucose with the PBA groups on microgel network chains has been 
well demonstrated.10,55 Typically, the complexation of glucose molecules with the cis-diol of 
boronic acid will produces negatively charged boronates, which builds up a Donnan potential 
and induces the microgels to swell. Figure 4.8A shows the glucose-responsive swelling curve of 
the poly(VPBA-AAm)-CDs hybrid microgels at physiological pH, in term of the hydrodynamic 
radius (Rh) values of the hybrid microgels as a function of glucose concentration, measured in a 
5.0 mM PBS of pH = 7.40 at 22.0 oC. The increase in glucose concentration gradually increases 
the hydrodynamic size of both poly(VPBA-AAm) control microgels and poly(VPBA-AAm)-
CDs hybrid microgels. When the glucose concentration is above 20 mM, both the microgels 
show a less significant swelling in response to further increase in glucose concentration. This 
result is understandable because the microgels nearly reach the maximum swelling degree at 
high glucose concentration (e.g., > 20 mM) due to the limit of chemical crosslinking. In 
comparison with the poly(VPBA-AAM) control microgels synthesized under the same 
conditions but no addition of CDs, the poly(VPBA-AAM)-CDs hybrid microgels displayed a 
larger size at all the studied glucose concentrations due to the incorporation of significant amount 
of CDs. Figure 4.8B shows the size distributions of the poly(VPBA-AAM)-CDs hybrid 
microgels at glucose concentrations of 0 mM, 10 mM, and 30 mM, in terms of the Rh. The 
results indicate that the hybrid microgels are nearly monodispersed no matter in swelling or 
collapsed states. Since the kinetics of the swelling/shrinking transitions of gels is size dependent, 
the uniform size distribution of the hybrid microgel particles can prevent a signal delay when 
used for glucose detection. The poly(VPBA-AAM)-CDs hybrid microgels are very stable in 
aqueous solution. The measured Rh values of 2023 nm of the hybrid microgels in the PBS of 
pH = 7.4 remain the same as the one measured about six month ago, indicating no aggregates. 
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Figure 4.8 (A) The average Rh values of poly(VPBA-AAm) microgels and poly(VPBA-AAm)-
CDs hybrid microgels in PBS of pH = 7.4 containing different amount of glucose, measured at a 
scattering angle θ = 60. (B) Size distributions of poly(VPBA-AAm)-CDs hybrid microgels in 
the PBS of pH = 7.4 at glucose concentrations of 0 mM, 10 mM, and 30 mM, respectively. 
 
The reversible glucose-responsive swelling/deswelling transition of the poly(VPBA-AAm) 
network chains is also expected to change the surface states of the hydrogen bonded CDs 
embedded in the networks and thus affect the fluorescence properties of the hybrid microgels. 
Figure 4.9A shows the evolution of PL spectra of poly(VPBA-AAm)-CDs hybrid microgels in 
response to a glucose concentration increase at physiological pH under an excitation of NIR light 
at 900 nm. The results indicate that the gradual increase in glucose concentration of the 
dispersion medium featured a continuous decrease in the NIR upconversion fluorescence 
intensity of the hybrid microgels until the glucose concentration reaches 25 mM. To 
quantitatively correlate the PL signal to the glucose concentration, the decay of PL intensity (I0-
I)/I0 was plotted against the glucose concentrations, where I0 and I represent the PL intensity at 
515 nm of the hybrid microgels in PBS of pH =7.4 in the absence and presence of glucose at 
different concentrations, respectively. As shown in Figure 4.9B, the decay of the PL intensity of 
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the poly(VPBA-AAm)-CDs hybrid microgels is the most sensitive as the glucose concentration 
increases from 0 to 20 mM and then slows down with a further increase in glucose concentration. 
The glucose-responsive PL property changes of the hybrid microgels demonstrated exactly the 
same trend as the glucose-responsive swelling curves (Figure 4.8A), where the swelling of the 
hybrid microgels displayed the highest sensitivity in the glucose concentration range from 0 to 
20 mM and then reached to nearly a maximum swelling degree with further increase in glucose 
concentrations. This similarity of the glucose-responsive swelling curve and PL decay curve 
indicates that the glucose-induced PL decay is related to the glucose-induced swelling of the 
hybrid microgels. More importantly, the glucose-induced PL intensity change exhibits a linear 
correlation to the increase in glucose concentration in the range of 0–20 mM (the inset of Figure 
4.9B), which is essential for the hybrid microgels to serve as a NIR upconversion fluorescence 
glucose sensor. It has been reported that the environmental nature surrounding the CDs has 
significant effects on the PL properties of CDs.56 Two factors can explain why the glucose-
induced swelling of the poly(VPBA-AAm) microgel networks can quench the PL intensity of the 
embedded CDs. First, the swelling/deswelling of the microgel networks will change the local 
refractive index of the surrounding medium of the CDs and thus change the Rayleigh scattering 
intensity.57,58 Second, the swelling/deswelling of the microgel networks can change the number 
of surface defects on CDs that are immobilized in the polymer networks. At high glucose 
concentrations, the polymer network chains tend to expand in water. However, the hydrogen 
bonding between the polymer chains and the CDs hinders the expansion of hybrid microgels to 
highly swollen states, creating an elastic tension in the bonds at the polymer/CDs interface, thus 
producing surface states that could quench the PL. As glucose molecules are removed from the 
bathing medium of the hybrid microgels by dialysis against very frequently changed water, the 
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dissociation equilibrium of PBA groups on the microgel network chains shifts back from 
boronate ester to boric acid and thus the microgels reversibly shrink back. The return of the 
environmental nature surrounding on the CDs embedded in the microgel networks leads to a 
recovery of the PL spectra. The CDs are very stable in the hybrid microgels and will not escape 
out from the microgel when the microgels undergo the reversible glucose-induced 
swelling/shrinking transitions. As shown in Figure 4.9C, even after five cycles of repeated 
addition (30 mM) and dialysis removal (0 mM) of glucose molecules in the dispersion medium 
of the poly(VPBA-AAm)-CDs hybrid microgels, 98.8% of the initial PL intensity of the hybrid 
microgels was recovered. We typically give about 4 days for each dialysis cycle to remove the 
glucose molecules completely from the hybrid microgels. Thus, five repeated cycles of glucose 
addition/removal process of the hybrid microgels last about 3 weeks. The slight decrease in the 
PL intensity from the repeated glucose addition/removal process might be attributed to the loss 
of small amount of CDs attached on the surface of microgels during the repeated dialysis against 
frequently changed water to remove the glucose. The additional continuous dialysis of the hybrid 
microgels for weeks did not show significant fluorescent signal change within the instrumental 
error. This highly reproducible PL signal change in response to the glucose concentration change 
is crucial for the hybrid microgels to be used in quantitative glucose analysis.  
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Figure 4.9 (A) PL spectra and (B) the quenched PL intensity of poly(VPBA-AAm)-CDs hybrid 
microgels as a function of glucose concentration. The inset in (B) is the linear fitting plot of the 
glucose dependent PL quenching in terms of log(1/I) versus glucose concentrations. (C) 
Reversible PL decay and recovery cycles upon the repeated addition (30.0 mM) and dialysis 
removal of glucose (0 mM) in the dispersion medium of the hybrid microgels. All measurements 
were performed in PBS of pH = 7.4. Excitation wavelength = 900 nm. 
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Figure 4.10 (A)Release profiles of insulin from the hybrid microgels dispersed in PBS of pH = 
7.4 at different glucose concentration (0 mM, 5 mM, 10 mM and 20 mM) and a constant 
temperature of 37 oC. (B) Release profiles of insulin from the hybrid microgels in PBS of pH = 
7.4 with and without an exposure to the 1.5 W/cm2 NIR light for 5 min at the releasing stages of 
0, 5, 10, and 24 h, respectively, at a constant temperature of 37 oC. 
 
Having demonstrated the reversible glucose-responsive NIR light-excited PL signaling ability 
of the hybrid microgels, we further applied the hybrid microgels for glucose-regulated insulin 
delivery. The porous network structure of the hybrid microgels is particularly well suited to host 
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the large insulin molecules. The appropriate host-guest hydrogen bonding interactions between 
the hydroxyl/amide groups of polymer network chains and the insulin molecules result in a high 
drug loading capacity. The loading content of the FITC-insulin in the poly(VPBA-AAm)-CDs 
hybrid microgels was determined to be 33.1 wt %, expressed as the mass of loaded insulin per 
unit mass of dried hybrid microgels based on (M0-Mt)/MN100%, where M0 and Mt are the mass 
of insulin (1.0 mg) in the initial loading solution and the mass of free insulin (0.17 mg) remained 
in supernatant and washing solution, respectively. MN is the mass of microgel (2.5 mg) used in 
the loading process. Figure 4.10A shows the in vitro releasing profiles of insulin molecules from 
the hybrid microgels dispersed in the PBS solution of pH = 7.4 at 37 °C and different glucose 
concentrations. Obviously, the increase in glucose concentration in the dispersion medium could 
significantly speed up the release of insulin from the hybrid microgels. For example, only 17.2% 
of insulin was released from the hybrid microgels over 48 h in the absence of glucose. In 
contrast, the amount of insulin released from the hybrid microgels reached 37.8%, 60.0%, and 
82.8% respectively over 48 h when the releasing medium containing 5 mM, 10 mM, and 20 mM 
glucose. The observed glucose triggered insulin release should be associated with the glucose-
responsive volume phase transition of the hybird microgels. The increase in glucose 
concentration induces a swelling of the poly(VPBA-AAm)-CDs microgels networks, thus open 
the pore size of the diffusion path and speed up the release of the loaded insulin molecules. The 
glucose triggerable insulin release from the hybrid microgels is important to ensure the blood-
sugar levels in a normal range, which provide the possibility to realize a self-regulated insulin 
delivery according to the needs of the body. In addition, the insulin release from the hybrid 
microgels can be further triggered by NIR light. As shown in Figure 4.10B, the release rate of 
insulin from the hybrid microgels in a buffer solution of pH = 7.4 can be significantly enhanced 
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after the exposure of the insulin-loaded hybrid microgels to the 1.5 W/cm2 NIR light for 5 min at 
the releasing stage of 0, 5, 10 and 24 h, respectively, at 37 C. The cease of NIR irradiation 
returns the drug release rate back to the rate without exposure to NIR light. Such a NIR light-
enhanced insulin release rate should be attributed to the local heat produced by the efficient 
photothermal conversion of the CDs embedded in the microgels, which not only weakens the 
interactions between insulin molecules and the micorgel network chains, but also increases the 
mobility of insulin at elevated temperatures. 
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Figure 4.11 In vitro cytotoxicity of CDs, poly(VPBA-AAm) microgels, and poly(VPBA-AAm)-
CDs hybrid microgels at different concentrations on the B16F10 cells (A), 4T1 cells (B), and  
HEK293T cells, respectively, performed by assessing the cell viability for 72 h. 
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For future applications in biological systems, the hybrid microgels should be non- or low-
cytotoxic. Although the poly(VPBA-AAm)-CDs hybrid microgels have demonstrated great 
potential for NIR upconversion fluorescence glucose sensor and self-regulated insulin release, 
the safety of these materials following intentional and unintentional human exposures need be 
explored. Figure 4.11 show the viability of both tumor cells (A-B: B16F10 and 4T1) and healthy 
cells (C: HEK293T), respectively, upon treatment with the free CDs, poly(VPBA-AAm) 
microgels, and poly(VPBA-AAm)-CDs hybrid microgels at different concentrations, quantified 
by an MTT assay. Results show that the cell viability was largely unaffected by the presence of 
the microgels and hybrid microgels from 12.5 to 100 μg/mL, indicate that the hybrid microgels 
have good biocompatibility. Considering the possibility of degradation of the polymer gel after 
the long-term circulation, the potential cytotoxicity of free CDs was also addressed. Once again, 
the free CDs also exhibit non-cytotoxicity at all the studied concentrations. 
In order to test the biocompatibility of the hybrid microgels in vivo, we performed histological 
analysis on a variety of tissues (heart, kidney, liver, lung and spleen) of mice at a microgel 
concentration of 1 mg mL−1 to identify whether there are any signs of acute toxicity. Tissues 
were harvested from mice 120 h after receiving the injection of hybrid microgels, fixed in 10% 
formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). 
Figure 4.12 shows the tissue sections from the injected and noninjected mice. The review results 
by a pathologist with expertise in veterinary pathology indicates that the tissues obtained from 
the mice injected with hybrid microgels appear similar to those tissues from noninjected control 
animals, showing no evidence of toxicity. These results indicate that the poly(VPBA-AAm)-CDs 
hybrid microgels are nontoxic and have a good biocompatibility.  
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Figure 4.12 H&E stained tissue sections of mouse heart, kidney, liver, lung, and spleen obtained 
from noninjected animals (control) and those injected with poly(VPBA-AAm)-CDs hybrid 
microgels at a concentration of 1 mg mL−1. The scale bar = 100 μm. 
 
4.4 Conclusion 
In summary, we have successfully prepared a type of multifunctional hybrid microgels using 
the simple one-pot free radical dispersion polymerization of the rationally designed hydrogen-
bonding complexes, formed from the -OH/-COOH bearing CDs with the VPBA and AAm co-
monomers in water. The reversible glucose-sensitive volume phase transition of the poly(VPBA-
AAm) microgel network can modify the physicochemical environment of the embedded CDs 
and thus manipulate the NIR upconversion fluorescence intensity of the hybrid microgels, which 
can sense the glucose concentration change in a clinically relevant range at physiological pH. 
The porous poly(VPBA-AAm)-CDs hybrid microgels provide a high loading capacity for insulin 
molecules. Furthermore, the insulin release rate from the hybrid microgels can be triggered by 
the glucose concentration in the dispersion medium. The increase in glucose concentration speed 
up the insulin release. The hybrid microgels exhibit no cytotoxicity to both healthy (HEK293T) 
and tumor (4T1 and B16F10) cells in the concentration range of 12.5−100 μg/mL. The hybird 
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microgels also display no damages on the tissues/organs of mice after injected for 5 days. Such 
glucose-responsive poly(VPBA-AAm)-CDs hybrid microgels with excellent optical properties 
could provide a new platform for simultaneous optical diagnosis using NIR light, self-regulated 
therapy, and monitoring of the response to treatment. 
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5.1 Introduction 
Multifunctional drug carriers with high loading capacity, sustainable and controllable drug 
release, and imaging capability are highly desirable in cancer treatment to increase therapeutic 
efficacy, minimize side effects of cytotoxic drugs, and facilitate treatment monitoring. 1 As many 
anticancer drugs are poorly water-soluble, a lot of effort has been made to develop 
multifunctional nanocarriers for delivery of hydrophobic drugs.2 Micelles from block 
copolymers, liposomes, polymer complexes, and porous silica nanoparticles, carbon 
nanotubes/nanocapsules have been recently studied to deliver hydrophobic drugs.3 However, the 
current nanocarriers for hydrophobic drug delivery still face a few major challenages, including 
low drug loading capacity,  nonsustained and non-controlled drug release, and lack of on-site 
monitoring ability for treatment outcomes.  
Microgels are network polymer colloid particles which can swell in a good solvent like water 
and ethanol 4. Responsive microgels are those that can swell or deswell in response to changes in 
external triggers such as temperature 5-7, pH 5, 8-10, ionic strength, glucose concentration 11-13, 
electric fields, light, and biomolecules. Benefited from the stimuli-responsive swelling-
deswelling transitions, microgels have been explored for wide range of applications such as 
controlled drug delivery 14-16, sensor 17, 18, and removal of pollutant 19. For example, Cho et al. 6 
used microgel nanoparticles as building blocks to assemble them into three-dimensional highly 
responsive hydrogel scaffolds. This approach offers a new way to fabricate robust and functional 
scaffolds with excellent loading capabilities and stimuli-response. Pavlopouou et al. 10 
synthesized pH-responsive poly(2-(diethylamino)ethyl methacrylate) microgels as nanoreactors 
for in situ formation of metal nanoparticles.  A particularly useful morphology of the microgel is 
core-shell structure. This morphology allows us to design core and shell with different materials 
and properties to achieve desirable functions. Especially, in drug delivery system, core could be 
designed to load specific drugs and shell could be designed to be a trigger which can be 
responsive to temperature, pH, and/or chemical concentration. 
Chapter 5 
149 
 
On the other hand, introduction of imaging ability to drug delivery systems are also becoming 
more and more important to monitor the therapeutic efficacy. Over the last decade, nano-
materials with specific optical properties such as silver nanoparticles, gold nanoparticles, semi-
conductor quantum dots, and carbon dots have attracted a lot of attentions for a broad range of 
applications in optical sensing and cell imaging 20-25. In particular, carbon dots have many unique 
advantages. They have a tunable and strong fluorescence emission over a broad range of 
wavelengths.  In addition, hydroxyl groups, carboxyl groups, and amino groups can be easily 
introduced to the surface of carbon dots during the preparation process, which make carbon dots 
not only self-stabilized in solvents like water, but also interacting with other components like 
segments of polymers if needed. At last but not least, the inert and stable carbon dots are non-
toxic and do not complicate the designed products for a wide range of potential applications 
compared to other types of quantum dots. To integrate the excellent optical properties of carbon 
dots  with the stimuli-responsiveness of polymeric nano-/microgels, our research group have 
developed different strategies to immobilize carbon dots into the thermo-sensitive, glucose-
sensitive, or pH-/thermo-dual responsive nanogels for optical sensing, cell imaging, and 
controllable drug release 26-29. Unfortunately, the overall loading capacity of the hydrophilic 
nanogels for hydrophobic drugs is still very limited (e.g., less than 10 wt%), although we found 
that the introduction of carbon dots into the polymer hydrogels can significantly increase the 
loading capacity of the resultant hybrid nanogels for hydrophobic drugs. 
    In this project, we design core-shell structured microgels immobilized with fluorescent carbon 
dots to develop multifunctional nanocarriers with high loading capacity for hydrophobic drugs. 
Specifically, as shown in Scheme 5.1, the crosslinked 4-allylanisole nanogels will be firstly 
synthesized in the presence of carbon dots in aqueous media. Using the obtained carbon dots 
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(CDs)-poly(4-allylanisole) hybrid nanogels as core template, the pH-/temperature-dual 
responsive chitosan-poly(ethylene glycol) (PEG) semi-interpenetrated hydrogel layer complexed 
with CDs will be deposited onto the core template based on precipitation polymerization. In such 
a design, the hydrophobic core components will have strong interactions with hydrophobic drug 
molecules. When the hydrophobic drug molecules diffuse into the core area, the drug molecules 
can accumulate in the core space. Meanwhile, the overall core-shell nanogel particles can be 
stabilized in aqueous phase via the hydrophilic chitosan-PEG nanogel shell. Furthermore, the 
pH-/temperature dual responsive properties of the nanogel shell also allows us to load the drug 
molecules under the conditions of swollen gel shell, which can pull up the crosslinked poly(4-
allylanisole) network core so that the core has large mesh sizes to hold the hydrophobic drug 
molecules to provide high drug loading content. In addition, the pH- and/or temperature change 
can induce the swelling-deswelling transition of the chitosan-PEG nanogel shell, which can 
trigger the drug release rate. It is also expected that the carbon dots immobilized in the core-shell 
microgels will display strong fluorescence for bio-imaging function. To demonstrate the 
expected properties and functions of the designed core-shell structured hybrid microgels, a very 
hydrophobic but nontoxic curcumin molecules will be selected as a drug model to test the drug 
loading capacity, cell imaging function, and responsive drug delivery capability of the newly 
designed nanocarriers. Curcumin is a natural polyphenolic compound extracted from the rhizome 
of curcuma longa. While it has shown promising pharmacology applications in antioxidant, anti-
inflammatory, antimicrobial, and antitumor activities 30-34, it is safe to use in human body even at 
a high dose. However, due to its insolubility in water, rapid metabolism in body, and fast 
degradation under physiological condition, its clinical efficacy is largely limited. Although many 
nanoformulations have been developed to deliver curcumins, the low loading capacity and burst 
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release remain problems.35-37 We expect that our newly designed core-shell structured hybrid 
nanogels will not only provide high loading capacity for curcumin, but also protect the crucumin 
molecules from degradation, because the curcumin drug will be mainly retained in the 
hydrophobic core space. Such designed core-shell structured hybrid nanogels should be 
extendable to deliver other types of hydrophobic drug molecules. Therefore, another common 
anti-cancer drug doxorubicin (DOX) will be also used to test the functions of the newly designed 
core-shell nanocarriers.  
 
Scheme 5.1 Schematic illustration of the preparation steps of CDs-poly(4-allylanisole)@CDs-
PEG-chitosan hybrid nanogels and their drug-loading, cell imaging, and pH-/temperature-
responsive drug release functions. The hydrophobic drug (curcumin or DOX) will mainly be 
encapsulated within the hyrdophobic CDs-poly(4-allylanisole) core, which is coated by an outer 
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PEG/chitosan semi-interpenetrated nanogel shell to offer biocompatibility, stability in aqueous 
media, and pH/temperature dual responsiveness. When temperature/pH changes in pathological 
conditions, the hybrid nanogels can either swell or shrink to trigger the release of  loaded drug 
molecules. The carbon dots embedded in the core-shell nanogels enable them to light up cells 
after they enter into cells. 
5.2 Experimental 
5.2.1 Materials  
Chitosan (Mw 150, 000) was purchased from Fluka. Chitosan was dissolved in acetic acid, 
then passed through a filter and dialyzed against distilled water for three days to remove free 
acetic acid. All other chemicals were purchased from Aldrich. 2-(2-methoxyethoxy)ethyl 
methacrylate (MEO2MA, 95%), oligo(ethylene glycol)methyl ether methacrylate (MEO5MA, Mn 
= 320 g/mol) and poly(ethylene glycol) dimethacrylate (PEGDMA, Mn ≈ 550 g/mol) were 
purified with neutral Al2O3. Curcumin was purified with anhydrous ethanol. Doxorubicin 
hydrochloride (DOX), 4-allylanisole, divinylbenzene (DVB), 2,2′-azobis(2-
methylpropionamidine) dihydrochloride (AAPH), ammonium persulfate (APS), glutaraldehyde 
(25%), 4-aminophenol (4-AP), sodium dodecyl sulfate (SDS), hydroxyl peroxide (30%), 
anhydrous ethanol, anhydrous acetone, Dulbecco's Modified Eagle Medium (DMEM), and Fetal 
bovine serum (FBS) was used as received without further purification. The water used in all 
experiments was of Millipore Milli-Q grade. 
5.2.2 Synthesis of CDs-poly(4-allylanisole)@CDs-PEG-Chitosan hybrid nanogels 
5.2.2.1 Synthesis of fluorescent carbon dots (CDs) 
Fluorescent CDs were synthesized via a hydroxyl peroxide assisted ultrasonic and thermal 
treatment of 4-nitrophenol. In a typical synthesis, 4-aminophenol (0.050 g) was dissolved in 
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anhydrous acetone (30 mL). After intense sonication for 30 min, 3 mL of H2O2 (30 wt.%) was 
slowly added into the above solution. The mixed solution was then treated ultrasonically for 5 
minutes and transferred into a 35 mL Teflon-lined stainless autoclave. The precursor solution 
was heated to and maintained at 200 °C. After 24 h, the solution was cooled naturally to room 
temperature. Then, the solvent of acetone was replaced with water by addition of water followed 
by evaporation of acetone. Finally, the resulting CDs were purified with dialysis of the aqueous 
dispersion of CDs for 7 days (Spectra/Por®molecularporous membrane tubing, cutoff 12,000-
14,000) at room temperature (~22 oC) to remove the  large carbon particles. The dialytic aqueous 
dispersion of CDs out of dialysis bag was then collected and dried to get concentrated CDs 
aqueous solution. The pore size of the dialysis membrane determines the size and size 
distribution of the collected CDs.  
5.2.2.2 Synthesis of CDs-poly(4-allylanisole) hybrid nanogels 
 
Table 5.1 Feeding compositions for synthesis of the poly(4-allylanisole), CDs-Poly(4-
allylanisole), and CDs-Poly(4-allylanisole)@CDs-PEG hybrid nanogels 
Sample 
Allylanisole 
(mmol) 
DVB 
(mmol) 
EO2MA 
(mmol) 
EO5MA 
(mmol) 
PEGDMA 
(mmol) 
SDS (g) 
CDs              
(1 mg/ml, ml) 
A 0.594 0.0561 - - - 0.01 - 
CA 0.594 0.0561 - - - 0.01 10 
CAE1 0.594 0.0561 0.67 0.33 0.03 - 30 
(A: poly(4-allylanisole) nanogel; CA: CD-poly(4-allylanisole) hybrid nanogel, CAE-1:CDs-Poly(4-allylanisole)@CDs-PEG) 
 
The CDs-poly(4-allylanisole) hybrid nanogels were prepared according to the recipes listed in 
Table 5.1. In a 250-mL round-bottom flask equipped with a stirrer, a N2 gas inlet, and a 
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condenser, 10 mL of 1 mg/ml CDs and 0.01g of SDS were added into 85 mL of deionized water 
and heated to 30 C, followed by addition of 4-allylanisole monomer and DVB crosslinker under 
stirring. After 30 min N2 purge, the temperature was raised to 70 C and polymerization was 
initiated by adding 1 mL of 0.0105 M AAPH. The polymerization reaction was allowed to 
continue for 5 h. The resulted product was purified with dialysis of the aqueous suspension of 
CDs-poly(4-allylanisole) hybrid nanogels for 1 day (Spectra/Por®molecularporous membrane 
tubing, cutoff 12,000-14,000) at room temperature (~22 oC) so that unreacted monomer and 
crosslinker molecules  can be removed. The resultant CDs-poly(4-allylanisole) hybrid nanogels 
were used as template particles for subsequent precipitation polymerization reaction to add the 
outer shell of chitosan and nonlinear PEG copolymer gel of P(MEO2MA-co-MEO5MA). The 
CDs-poly(4-allylanisole) hybrid nanogels are coded as CA. 
Table 5.2 Feeding compositions for synthesis and hydrodynamic radius (Rh) of the CDs-Poly(4-
allylanisole)@CDs-PEG-chitosan core-shell hybrid nanogels  
Sample 
Chitosan 
(g) 
CDs 
(g) 
Hydrodynamic 
radius Rh 
a (nm) 
Curcumin Loading 
Capacity-curcumin (%) 
Dox Loading 
Capacity-DOX (%) 
A - - 61.0 21.6 - 
CA - 0.01 68.0 23.1 - 
CAE1 0 0.03 94.5 56.2 35.6 
CAE2 0.02 0.03 113.5 51.5 26.1 
CAE3 0.05 0.03 124.5 48.7 12.7 
CAE4 0.10 0.03 142.5 30.9 5.5 
a Hydrodynamic Radius (Rh) measured by Dynamic light scattering (DLS) method at 20 C and a scattering angle of θ = 60.  
 (A: poly(4-allylanisole) nanogel; CA: CD-poly(4-allylanisole) hybrid nanogel, CAE:CDs-Poly(4-allylanisole)@CDs-PEG-
chitosan core-shell hybrid nanogels) 
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5. 2. 2. 3 Synthesis of CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels 
A series of core-shell structured CDs-poly(4-allyanisole)@PEG-chitosan hybrid nanogels 
were prepared via copolymerization of MEO2MA and MEO5MA comonomers in the presence of 
PEGDMA as crosslinker, different amount of  chitosan as pH-sensitive polymer, and CD-poly(4-
allylanisoel) nanogels as a core template.  Typically, the outer shell precursors of MEO2MA (6.7
×10-4 mol) and MEO5MA (3.3×10-4 mol) comonomers mixture in 2:1 molar ratio, PEGDMA 
crosslinker (3×10-5 mol), and 5 mL of chitosan aqueous solution (10 g/L), 30 mL of CDs 
aqueous dispersion (1 mg/mL) were added into a 250 mL three-neck round bottom flask, 
followed by adding deionized water to  a total solution volume of 100 mL. The mixture was 
heated to 67 C under a N2 purge. After 1 h, 1 mL of APS (0.15 M) initiator was added to start 
the polymerization. The synthesis was allowed to proceed to total 5 h. Then 0.125 mL of 
glutaraldehyde was added to the dispersion and allowed to react for 6 h at room temperature to 
crosslink chitosan chains so that the crosslinked PEG chain networks can be interpenetrated by 
the crosslinked chitosan chain networks. The resulting CDs-poly(4-allylanisole)@CDs-PEG-
chitosan hybrid nanogels were purified with centrifugation/redispersion in water for three cycles, 
followed by 3 days of dialysis (Spectra/Pro® molecularporous membrane tubing, cutoff 
12,00014,000) against very frequently changed water at room temperature (~22 C). Different 
feeding compositions for the synthesis of the CDs-poly(4-allylanisole)@CDs-PEG-chitosan 
hybrid nanogels are listed in Table 5.2 to control the different outer shell thickness. The CDs-
poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels are coded as CAE. 
5.2.2.4 Curcumin loading and release of CDs-poly(4-allylanisole)@CDs-PEG-chitosan 
hybrid nanogels 
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Curcumin was loaded into the porous hybrid nanogels mainly driven by hydrophobic 
interactions. 5 mL aqueous dispersion solution (pH = 4.0) of CDs-poly(4-allylanisole)@CDs-
PEG-chitosan hybrid nanogels was stirred in an ice water bath for 30 min. 4 mL fresh curcumin 
solution of 1mg/mL in anhydrous ethanol was then added dropwisely to the vial. After stirring 
overnight, the suspension was centrifuged at 10,000 rpm for 15 min at 22 C. To remove free 
curcumin, the precipitate was redispersed in 5 mL water, and further purified by repeated 
centrifugation and washing for at least six times. All the upper clear solutions were collected, 
and the concentration of free curcumin was determined by UV-vis spectrometry at 435 nm. The 
emission intensity at 566 nm with the excitation wavelength of 420 nm on the upper clear 
solutions was also recorded to confirm the loading amount. Optical signal was converted to 
concentration based on the linear calibration curve with R2 > 0.99 measured using the curcumin 
solution with known concentrations under the same conditions. The drug loading content of the 
hybrid nanogels was calculated by (M0 - Mt)/MN×100%, where M0 and Mt are the total mass of 
curcumin dissolved in the initial solution and remained in the supernatant solution, respectively. 
MN is the mass of the dried nanogels used in the loading process.  
The in vitro release test of curcumin from the hybrid nanogels was evaluated by the dialysis 
method. The curcumin-loaded nanogel dispersion was diluted to 0.10 mg/mL for the release 
experiments. A dialysis bag (Spectra/Pro® molecularporous membrane tubing, cutoff 
12,00014,000) filled with 1 mL curcumin-loaded hybrid nanogels was immersed in 50 mL 
0.005 M phosphate buffer saline (PBS) solution of pH = 6.15 at different temperatures. The 
released curcumin outside of the dialysis bag was sampled at defined time period and assayed by 
fluorescence spectrophotometer at 566 nm upon excitation at 420 nm. Cumulative release is 
expressed as the total percentage of drug released through the dialysis membrane over time.  
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5.2.2.5 DOX loading of CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels 
DOX was loaded into the hybrid nanogels by complexation method. The hybrid nanogel 
dispersion (2.0 mL, 1 mg/mL) placed in a vial was stirred in a water bath (10 oC) for 30 min. 
Then, DOX solution (1.0 mL, 2.0 mg/mL, pH=7.4) was added into the hybrid nanogel 
dispersion. After a continuous stirring for 24 h, the DOX-loaded hybrid nanogel complexes were 
then separated from the dispersion solution by centrifugation (22.0 o C, 10,000 rpm, and 30 min) 
and washed six times with distilled water to remove the unloaded DOX attached on the surface 
of hybrid nanogels. All the supernatant and washing solution was collected for the measurements 
of the drug loading content. The unloaded DOX presented in the supernatant was quantified by a 
UV-Vis spectrophotometer at 480 nm. The drug loading content of the hybrid nanogels was 
calculated by (M0 - Mt)/MN×100%, where M0 and Mt are the total mass of DOX dissolved in the 
initial solution and remained in the supernatant solution, respectively. MN is the mass of the dried 
nanogels used in the loading process.  
5.2.2.6. Cellular uptake of the core-shell hybrid nanogels 
HEK293 cells (human embryo kidney cells) were grown in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic 
(Life technologies, Grand Island, NY). The cells were cultured at 37°C and 5% CO2 humidified 
incubator. The cells were firstly seeded onto glass cover slip in a 24-well plate. After grown for 
24 hours, cells were incubated with the core-shell nanogels for 3 h.  Cells were then washed with 
cold PBS solution and fixed with 4% paraformaldehyde for 15 min at 37°C. Cells on cover slip 
were mounted onto glass slides. The images of cells were then acquired using a Laser Scanning 
Microscope (LEICA TCS SP2 AOBS) at an excitation wavelength of 488 nm. 
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5.2.2.7 In vitro cytotoxicity test of the drug-free, curcumin-loaded and DOX-loaded hybrid 
nanogels 
231BR breast cancer cells (2000 cell/well) were cultured in DMEM containing 10% FBS and 
1% penicillin-streptomycin in a 96-well plate, and exposed to hybrid nanogels CAE(14) 
respectively. To cover the high concentrations, the hybrid nanogels were concentrated and 
adjusted to an appropriate concentration in DMEM right before feeding into the wells. The 96-
well plate was incubated at 37 C for 24 h. The medium in each well was then aspirated and 
refreshed with 90 L of medium plus 10 L of 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) solution (5 mg/mL in PBS) were added to the wells. After 
incubation for 2 h, the solution was aspirated and 50 L of dimethyl sulfoxide (DMSO) was 
added to each well, and the plate was sealed and incubated for 30 min at 37 C with gentle 
mixing. Triplets were conducted for each test condition. Cell viability was measured using a 
microplate reader at 570 nm. Positive controls contained no nanogels, and negative controls 
contained MTT. 
5.2.3 Characterization  
The PL spectra were obtained on a JOBIN YVON Co. FluoroMax®-3 Spectrofluorometer 
equipped with a Hamamatsu R928P photomultiplier tube, calibrated photodiode for excitation 
reference correction from 200 to 980 nm, and an integration time of 1 s. The morphology of the 
hybrid nanogels was characterized with transmission electron microscopy (TEM). The TEM 
images were taken on a FEI TECNAI transmission electron microscope at an accelerating 
voltage of 120 kV. Approximately 10 µL of diluted hybrid nanogel suspension was dropped on a 
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Formvarcovered copper grid (300 meshes) and then air-dried at room temperature for the TEM 
measurements. The pH values were obtained on a METTLER TOLEDO SevenEasy pH meter. 
Dynamic light scattering (DLS) was performed on a standard laser light scattering 
spectrometer (BI-200SM) equipped with a BI-9000 AT digital time correlator (Brookhaven 
Instruments, Inc.). A He-Ne laser (35 mW, 633 nm) was used as the light source. All nanogel 
solutions were passed through Millipore Millex-HV filter with a pore size of 0.80 µm to remove 
dust before the DLS measurements. In DLS, the Laplace inversion of each measured intensity-
intensity time correlated function can result in a characteristic line width distribution G(Γ). For a 
purely diffusive relaxation, Γ is related to the translational diffusion coefficient D by 
(Γ/q2)C→0,q→0 = D, where q = (4πn/λ)sin(θ/2) with n, λ, and θ being the solvent refractive index, 
the wavelength of the incident light in vacuo, and the scattering angle, respectively. G(Γ) can be 
further converted to a hydrodynamic radius (Rh) distribution by using the Stokes-Einstein 
equation, Rh = (kBT/6πη)D1, where kB, T, and η are the Boltzmann constant, the absolute 
temperature, and the solvent viscosity, respectively. 
 
5.3 Results and Discussion 
5.3.1 Structure of CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels 
Morphology and Properties of CDs. Fluorescent carbon dots synthesized from different 
carbon-precursors have been synthesized and used for sensing, catalysis, and cell imaging 23-25. 
In this chapter, highly fluorescent carbon dots were synthesized with 4-aminophenol as precursor 
via a simple thermal-treatment procedure. Figure 5.1 shows the TEM image, UV-vis absorption 
spectrum, IR absorption spectrum, and fluorescence spectrum of the obtained CDs. The TEM 
image shows that the CDs have an average diameter of smaller than 10 nm.  The FT-IR spectrum 
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of the CDs shows characteristic absorption for both amine groups (-NH2, 3228 cm
-1) and 
hydroxyl groups (-OH, 3373 cm-1). The peak at ~ 1708 cm-1 can be attributed to the 
characteristic C=O stretching mode in –COOH groups conjugated with condensed aromatic 
carbons. The two strong IR absorption peak at 1383 cm-1 and 1567 cm-1 should be from the 
aromatic ring structure. The UV-Vis absorption spectrum show that the CDs displayed one 
strong UV-absorption peak located at 299 nm and another strong shoulder peak around 275 nm. 
The peak at 275 nm can be ascribed to the π-π* transition of aromatic domains in the CDs. 38 The 
strong peak at 299 nm is possibly attributable to n-π* transition of C=O bonds in the CDs. 39 - 41 
As expected, Figure 5.1 shows that CDs can be activated by a broad range of excitation 
wavelength from 240 to 600 nm and emit strong fluorescence. The emissions red-shift to longer 
wavelengths with a gradual increase in the excitation wavelength, which can be attributed to 
different surface energy traps of CDs 42. The maximum PL emission intensity locates at 451 nm 
obtained with an excitation wavelength of 380 nm. Furthermore, the CDs can be also activated 
by low energy light with the excitation wavelengths in Near Infrared (NIR) range. As shown in 
Figure 5.1, strong emissions from 437 nm to 538 nm corresponding to NIR exciting wavelengths 
from 680 nm to 980 nm were observed, which should be produced by the multiphoton activation 
process similar to the previously reported results observed on other CDs. 43, 44 The maximum 
emission at 472 nm was obtained by the excitation of NIR light at a wavelength of 840 nm.  
These results indicate that highly fluorescent CDs with surface functional groups of – NH2, –OH, 
and –COOH have been successfully prepared. 
Chapter 5 
161 
 
Chapter 5 
162 
 
Chapter 5 
163 
 
 
Figure 5.1 (a) Typical TEM image (b) IR absorption spectrum, (c) UV-Vis absorption spectrum,  
(d) PL spectra, and (e) upconverted PL spectra of the resultant CDs synthesized from precursor 
of 4-aminophenol.  
  
Size and morphology of CDs-poly(4-allylanisole) hybrid nanogels. While the poly(4-
allylanisole) nanogel is designed to enhance the loading capacity of hydrophobic and unstable 
drugs such as curcumin, the obtained highly fluorescent CDs are designed to provide bright 
emission for imaging function. In order to combine the properties and functions from both the 
polymer nanogels and CDs, the CDs-poly(4-allylanisole) hybrid nanogels were synthesize using 
dispersion polymerization method. In the presence of SDS surfactant molecules and CDs 
composed of graphitic carbon rings carrying with –OH/-NH2/-COOH functional groups, the 
added hydrophobic 4-allylanisole monomer molecules and divinylbenzene crosslinker molecules 
will interact with the hydrophobic carbon domains of CDs and the hydrophobic dodecyl chain of 
surfactants, forming small particles dispersed in water stabilized by the hydrophilic sulfate head 
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groups of surfactants and the hydrophilic –OH/-NH2/-COOH groups of CDs. The amount of SDS 
molecules determines the size of the formed 4-allylanisole-CDs complex particles.  The addition 
of AAPH can then initiate the polymerization and crosslinking of the 4-allylanisole monomers 
complexed with CDs in the particles until all monomers react completely, resulting in the CDs-
poly(4-allylanisole) hybrid nanogels.. 
Figure 5.2a shows the TEM image of the CDs-poly(4-allylanisole) hybrid nanogels, which 
indicates that the nanogel exhibits spherical shape with uniform size distribution. The average 
diameters of the dried CDs-poly(4-allylanisole) hybrid nanogels is 68 nm. Figure 5.3 shows the 
comparison of the hydrodynamic radius distributions of poly(4-allylanisole) nanogels and CDs-
poly(4-allylanisole) hybrid nanogels dispersed in water phase determined by DLS. While both 
samples display a narrow size distribution, the average Rh of 68 nm of CDs-poly(4-allylanisole) 
hybrid nanogels is larger than the average Rh of 61 nm of poly(4-allylanisole) nanogels (Table 
5.1). Clearly, the CDs have been successfully embedded into the poly(4-allylanisole) polymer 
networks of the nanogels, which can increase the overall size of the particles by 14 nm in 
hydrodynamic diameter. The successful immobilization of CDs in the poly(4-allyanisole) 
nanogels will provide the nanogels with highly fluorescent properties for imaging or sensing 
functions.  
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Figure 5.2 Typical TEM images of (a) CDs-poly(4-allylanisole) hybrid nanogels, (b) poly(4-
allylanisole)@PEG-chitosan core-shell nanogels, and (c) CDs-poly(4-allylanisole)@CDs-PEG-
chitosan hybrid nanogels CAE-2. 
Size and morphology of CDs-poly(4-allylanisole)@CDs-PEG-Chitosan hybrid nanogels.  
Using the obtained CDs-poly(4-aminophenol) hybrid nanogels as core template, a temperature-
/pH- dual responsive PEG-chitosan interpenetrated nanogel shell can be successfully added 
based on the precipitation polymerization in water phase. It is known that the nonlinear PEG 
polymers, which are polymerized from the oligo(ethylene glycol)methyl ether methacrylate 
monomers MEOnMA with n representing the number of repeated ethylene glycol (EG) or 
ethylene oxide (EO) units on each monomer, are a type of biocompatible temperature-sensitive 
polymers with adjustable lower critical solution temperature (LCST) by changing the EO side 
chain length (n values).45 In this project, we select monomers of MEO2MA and MEO5MA at 
ratio of 2:1 to make a thermos-sensitive copolymer nanogel of P(MEO2MA-co-MEO5MA) as 
part of the shell. Monomers MEO2MA and MEO5MA are highly soluble in water, but their 
corresponding polymers of PMEO2MA and PMEO5MA have a LCST around 20 and 61 
oC, 
respectively 46. The proper feeding ratio of the MEO2MA and MEO5MA monomers allows us to 
adjust the LCST of the final core-shell hybrid nanogel so that the hybrid nanogels will be more 
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sensitive around the physiological temperature range. A polymerization temperature of 65 oC is 
selected to synthesize the CDs-PEG-chitosan hybrid nanogel shell on the core template hybrid 
nanogels of CDs-poly(4-allylanisole). This temperature is above the LCST of the resulted 
P(MEO2MA-co-MEO5MA).   Before the polymerization reaction, the-NH2 and -OH groups on 
the chitosan chains and the -NH2/-OH/-COOH groups on CDs can associate with the EO units of 
the MEOnMA monomers via hydrogen bonding interactions, thus forming CDs-chitosan-
MEO2MA/MEO5MA complexes in water. With the copolymerization and crosslinking of the 
monomers MEO2MA and MEO5MA initiated, the resulted nonlinear PEG chains complexed 
with the CDs and chitosan chains become insoluble in water, thus can precipitate and coat onto 
the hydrophobic CDs-poly(4-allylanisole) template nanogels, forming the core-shell structured 
CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels. The resulted CDs-PEG-chitosan 
nanogel shell is composed of CDs-embedded crosslinked nonlinear PEG chain network, semi-
interpenetrated by the linear chitosan chains.  In order to prevent the short chitosan chains to 
diffuse out from the nanogel shell, very small amount of crosslinker glyceraldehyde (GA) for 
chitosan chains is added to slightly crosslink the chitosan chains in the nanogel shell.  
For drug carrier application,  optimal size range and uniform size distribution of the 
nanocarrier particles are very important to enhance the drug delivery performance in vivo, such 
as tissue penetration and tumor permeation ability and blood circulation time. 40, 41 The synthetic 
method based on precipitation polymerization in this project allows us to control the 
compositions and size of the resulting core-shell hybrid nanogels in an easy way.   As shown in 
Table 5.2 and Figure 5.3, the adjustment on the feeding amount of the shell component chitosan 
alone can change the size of the CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels. 
When the same amount of CDs-poly(4-allylanisole) hybrid nanogels are used as the core 
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template, the results indicate that the gradual increase in the feeding amount of the shell 
components can gradually increase the shell thickness and thus increase the overall size of the 
core-shell hybrid nanogels.  For example, the CDs-PEG shell thickness of CAE-1 core-shell 
hybrid nanogels with no chitosan is 26.5 nm. After adding 0.02 g chitosan in the same synthetic 
mixture solution, the CDs-PEG-chitosan shell thickness of the resulted CAE-2 hybrid nanogels 
increases to 45.5 nm. Further increase in the amount of added chitosan to 0.05 g, the CDs-PEG-
chitosan nanogel shell thickness in the CAE-3 sample increases to 56.5 nm. The CAE-4 hybrid 
nanogel sample synthesized with 0.10 g of chitosan in the reaction mixture results in the thickest 
CDs-PEG-chitosan shell of 74.5 nm. The hydrodynamic size distribution results in Figure 5.3 
show that all the obtained CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels 
maintain a narrow size distribution.  
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Figure 5.3 Hydrodynamic radius (Rh) distributions of poly(4-allylanisole) nanogel (A), CDs-poly(4-
allylanisole) hybrid nanogel core (CA), and CDs-poly(4-allylanisole)@CDs-PEG-chitosan core-shell 
structured hybrid nanogels (CAE1, CAE2, CAE3, and CAE4), measured at 20C and a scattering 
angle of θ = 60. 
The TEM images of the  poly(4-allylanisole)@PEG-chitosan core-shell nanogels with no CDs 
added in synthesis and the CDs-poly(4-allylanisole)@CDs-PEG-chitosan core-shell hybrid 
nanogels were displayed in Figure 5.2b-c. Regardless of the addition of CDs or not, both core-
shell structured nanogels exhibit uniform size distribution. Interestingly, the polymer only core-
shell nanogels of poly(4-allylanisole)@PEG-chitosan (Figure 5.2b) have a clear core-shell 
interface with a dark core in the center and a light polymer shell on the outer surface, which is 
understandable because the poly(4-allylanisole) core with aromatic rings have higher electron 
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density compared to the PEG-chitosan polymers. However, the CDs-embedded core-shell hybrid 
nanogels (Figure 5.2c, ACE-2) have no observable core-shell interface. The possible reason is 
that the incorporation of the CDs with high electron density in both core and shell reduce the 
contrast of poly(4-allylanisole) core and the PEG-chitosan shell.  
 
5.3.2 Temperature and pH induced volume phase transition of the core-shell hybrid nanogels 
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Figure 5.4 (a) Temperature-induced size change (Rh) of the hybrid nanogels CAE-2 at pH 6.15. 
(b) pH-induced size (Rh) change of the hybrid nanogels at 20.0 
oC. All measurements were made 
at a scattering angle θ = 60 o. 
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The counter balance of hydrophilic (PEG side chains) and hydrophobic (carbon backbone) 
forces in water brings thermo-responsive property to the nonlinear PEG polymers 47. It is 
expected that the thermo-responsive nonlinear PEG polymer chain network in  the CDs-PEG-
chitosan nanogel shell will enable the CDs-poly(4-allylanisole)@CDs-PEG-chitosan core-shell 
hybrid nanogels to exhibit thermo-responsive swelling-deswelling volume phase transition. 
Figure 5.4 (a) shows the average Rh values of the resultant CAE-2 core-shell hybrid nanogels 
dispersed in deionized water (pH = 6.15) measured by DLS at different temperatures and a 
scattering angle of θ=60o. The gradual increase in temperature from 20 oC to 40 oC induces a 
corresponding decrease in Rh from 113.5 nm to 81.4 nm. Noticeably, the core-shell hybrid 
nanogels exhibit the most significant Rh decrease when the temperature increases from 30 oC to 
36 oC. Figure 5.4(b) shows the pH-responsive volume phase transition of the CAE-2 hybrid 
nanogels dispersed in the buffer solution of different pH values, measured by DLS at 20C. The 
results confirm the expected pH-responsive property of the CDs-Poly(4-allylanisole)@CDs-
PEG-chitosan hybrid nanogels because of the presence of pH-sensitive chitosan network in the 
shell nanogels. When the pH is below 5.5, the increase in pH has no significant effect on the Rh 
values of the hybrid nanogels. The dramatic decrease in Rh values of the hybrid nanogels was 
observed when the pH was increased from 5.5 to 7.0. The further increase in pH has no 
significant effect on the Rh values of the hybrid nanogels. This pH-sensitive property of the 
CAE-2 core-shell hybrid nanogels is understandable. Chitosan polymer has a pKa of ~6.2. 
48 The 
ionizable amine groups on the interpenetrated chitosan network chains can be protonated when 
the pH is below the pKa, promoting the CDs-PEG-chitosan nanogel shell positively charged and 
thus swollen with large Rh values. When the pH gradually increases to near the pKa value, the 
positively charged protonated amine groups will gradually deprotonate to form the neutral –NH2 
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groups, thus the nanogel shell will shrink until the chitosan network chains are completely 
uncharged at pH well above the pKa. The demonstrated temperature-/pH- dual responsive 
property of the resultant CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels can be 
used to trigger the drug release or to tune the optical properties of the embedded CDs for sensing 
applications.  
 
5.3.3 Optical properties of the core-shell hybrid microgels 
It is expected that the immobilized CDs in the CDs-poly(4-allylanisole)@CDs-PEG-chitosan 
hybrid nanogels will provide their unique optical properties. Figure 5.5 shows the comparison of 
the UV-vis absorption spectra from free CDs, poly(4-allylanisole)@PEG-chitosan core-shell 
nanogels, and CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid core-shell nanogels. Clearly, 
the polymer-only poly(4-allylanisole)@PEG-chitosan nanogels have no intensive absorption 
peak except some weak absorption below 325 nm from the anisole units. In contrast, the CDs-
poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels exhibit a very similar UV-Vis 
absorption spectrum to the one from free CDs, with both strong characteristic absorption peaks at 
299 nm from the n-π* transition of C=O bonds and at 240 nm from the π-π* transition of 
aromatic domains on CDs  appeared.  This result indicates that CDs have been successfully 
immobilized into the polymer nanogels to provide the unique optical properties from CDs. The 
inset pictures of the CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels dispersed in 
water under exposure to normal visible white light in air (a) and UV light of 365 nm (b) can 
directly show the difference in color. Without exposure to UV light, the hybrid nanogels at low 
concentrations in water appear colorless or very slight yellowish. When the same sample was 
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exposed to the UV light, bright blue light was emitted, indicating that the resultant core-shell 
hybrid nanogels can be excited by UV light of 365 nm.   
 
Figure 5.5 Typical UV-Vis spectra of free CDs, poly(4-allylanisole)@PEG-chitosan core-shell 
nanogels, and CDs-poly(4-allylanisole)@CDs-PEG-chitosan core-shell hybrid nanogels. The 
inset shows the photographs of the core-shell hybrid nanogels dispersed in water under exposure 
to normal light in air (a) and UV light of 365 nm (b).  
 
Figure 5.6 shows the typical PL spectra of CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid 
core-shell nanogels under different excitation wavelengths in the UV-Visible wavelength range 
of 240-600 nm (a) and visible-NIR wavelength range of 600-960 nm (b), respectively. Similar to 
the typical PL spectra of free CDs obtained in the same excitation wavelength range (see Figure 
5.1d),  the wavelength and intensity of the emitted fluorescence depends on the excitation 
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wavelength. The emissions shift to longer wavelengths when the excitation wavelength is 
gradually increased. This result further proves that the highly fluorescent CDs have been 
successfully embedded into the polymer nanogels.  However, small difference of the PL 
properties of the core-shell hybrid nanogels and the free CDs was observed. The core-shell 
hybrid nanogels (CAE-2) display a maximum PL intensity excited at 360 nm, while the free CDs 
have a maximum PL emission intensities excited at 380 nm. For the emissions excited by NIR 
light, the core-shell hybrid nanogels exhibit a maximum upconverted PL intensities excited at 
820 nm, while the free CDs have a maximum upconverted PL intensity excited at 840 nm. This 
change in the PL spectra of the CDs after being embedded in the interior of the core-shell 
nanogels could be attributed to two possible reasons. One is the variation of the Rayleigh 
scattering through the local refractive index change of the surrounding medium of the CDs after 
being embedded in the crosslinked poly(4-allylanisole)@PEG-chitosan nanogels. 49 - 51 Another 
is related to the number change of the surface defects of the CDs after being complexed in the 
polymer chain network through the hydrogen bonding association of the surface functional 
groups with the polymer chains. It has been proved that the environmental nature surrounding 
the CDs has large effect on the nonradiative energy loss paths 49, 51. 
 
Chapter 5 
175 
 
 
Figure 5.6 PL spectra and upconverted PL spectra of the CDs-poly(4-allylanisole)@CDs-PEG-
chitosan core-shell hybrid nanogels obtained in the UV-Vis excitation wavelength range (a) and 
in the Vis-NIR excitation wavelength range (b), respectively.  
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5.3.4 Drug loading capacity and in vitro release behavior of the core-shell hybrid nanogels 
Low cost, nontoxic, and efficacious natural cancer therapeutic agents such as curcumin has 
shown very diverse pharmacologic effects. 53, 54 Unfortunately, the exceedingly low water-
solubility and rapid metabolism of curcumin in the body severely limited its bioavailability 55 - 58. 
The half-time for the hydrolytic degradation of curcumin has been determined in solvent mixture 
(water : organic solvent = 9:1) at pH ≈ 6, 7, and 8, which are 4.2 ×103 h, 15 h, and 3.5 × 102 h, 
respectively 22. Here, the rationally designed CDs-poly(4-allylanisole)@CDs-PEG-chitosan core-
shell hybrid nanogels with hydrophobic polymer network as core and dual responsive 
hydrophilic nanogel as shell are expected to carry ample hydrophobic anticancer drugs and then 
release them at a sustained and triggerable rate to effectively kill cancer cells. In particular, the 
safe and inexpensive curcumin with very promising drug efficacies but very low bioavailability 
is selected as a model drug to examine the functions of the core-shell hybrid nanogels for drug 
loading and release. In order to prevent the degradation of curcumin molecules in aqueous 
solution, curcumin drug was loaded into the core-shell hybrid nanogels at pH = 4.0 in an ice-
water batch. As shown in Figure 5.7, the molecular structure of the anisole units in the CDs-
poly(4-allylanisole) nanogel core has similarity to the aromatic structural units on curcumin 
molecules. We expect that the curcumin molecules diffused into the poly(4-allylanisole) chain 
networks will accumulate in the core during the loading process, benefited from the π –π 
stacking and hydrophobic associations between the curcumin molecules and the anisole units on 
the core network chains. Furthermore, the embedded CDs with conjugated aromatic carbon 
structures in the polymer nanogel networks are also expected to enhance the loading capacity for 
hydrophobic drugs such as curcumin molecules because of the supramolecular π-π stacking 
interactions 59.  
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 Table 5.2 list the loading capacities of the CDs-poly(4-allylanisole)@CDs-PEG-chitosan 
hybrid nanogels for curcumin drug. The loading capacity of curcumin in the hybrid nanogels 
ranges  from 30.9% to 56.2%, which is approximately equal to a concentration range of 0.39 – 
0.56 mg/ml in the aqueous solution at a concentration of 1 mg/mL of the hybrid nanogels. While 
the water solubility of free curcumin in acidic or neutral solution is only around 7.4 g/ml 58, 60, 
this high concentration of curcumin carried by the hybrid nanogel could dramatically enhance 
the availability of curcumin in aqueous phase.  The ultrahigh loading capability of the core-shell 
hybrid nanogels confirms that our design with the core CDs-poly(4-allylanisole) hybrid nanogel 
to host the hydrophobic drug molecules via  π –π stacking and hydrophobic associations is 
successful. It should be mentioned that the design with a hydrophilic PEG-chitosan 
interpenetrated nanogel as outter shell of the nanocarrier particle is equally important. As shown 
in Table 5.2, the poly(4-allylanisole) nanogel or the core CDs-poly(4-allylanisole) hybrid 
nanogel did not show high drug loading capacity for curcumin. The reason is that the 
hydrophobic core  poly(4-allylanisole) chain networks are collapsed with very little mesh size if 
no hydrophilic gel shell is added on the core. In such a case, the drug molecules cannot enter into 
the collapsed poly(4-allylanisole) network. It has been demonstrated that the swelling/deswelling 
of core nanogel is restricted by the swelling property of shell nanogel in a core-shell structured 
particle. 61 A swollen gel shell can pull up the collapsed core polymer network and thus increase 
the mesh size of the core polymer network. For our core-shell structured hybrid nanogels, the 
CDs-PEG-chitosan gel shell is highly swollen under the loading conditions of pH = 4.0 and 
temperature of ice water, because chitosan chain networks are charged at acidic pH and 
nonlinear PEG networks are water-favored at temperature below the LCST of the polymer. The 
polymer chains are entangled at the core-shell interface, thus the highly swollen nanogel shell 
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can pull up the poly(4-allylanisole) core networks to open the pores (or increase the mesh size) 
of the core network, which allows more curcumin drug molecules to diffuse in and cumulate.  In 
addition, the curcumin molecules cumulated in the hydrophobic core are protected from the 
hydrolytic degradation because the core-shell structured nanogel can minimize the free water 
molecules enter into the hydrophobic core area. On the other hand, the shell thickness can also 
affect the loading capacity of the core-shell hybrid nanogels. As shown in Table 5.2, with the 
same core property of size, composition, and crosslinking density (the same batch of core sample 
herein), the increase in the shell thickness (by adding more chitosan in the shell herein) gradually 
decrease the curcumin loading capacity of the CDs-poly(4-allylanisole)@CDs-PEG-chitosan 
core-shell  hybrid nanogels. This trend is understandable because the hydrophobic curcumin drug 
molecules mainly accumulate in the core area in our design. The role of the hydrophilic shell is 
not to host the hydrophobic drug but pull up the hydrophobic core network with large mesh size 
and provide the stability of the hybrid nanogels in water. Therefore, when the shell thickness (or 
weight proportion of shell in the nanogel) was increased on a constant core volume/weight, the 
drug loading capacity in terms of unit weight of loaded drug per gram of total nanogel carrier 
will decrease.     
We expect that our core-shell structured hybrid nanogels with hydrophobic CDs-poly(4-
allylanisole) core and dual responsive hydrophilic CDs-PEG-chitosan gel shell should exhibit 
high drug loading capacity for all hydrophobic drug molecules in general. Thus, in addition to 
curcumin, the loading capacity of the same series of core-shell hybrid nanogels was also 
examined for another hydrophobic drug of DOX. DOX molecules also have aromatic structural 
units, which can interact with the anisole units of the poly(4-allylanisole) networks chains and 
the aromatic carbon rings of the embedded CDs in the core via π –π stacking interactions. It is 
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expected that the designed core-shell hybrid nanogels should provide high capacity of the core to 
host DOX molecules. As shown in Table 5.2, the core-shell hybrid nanogels of CAE-1 and CAE-
2 with optimal shell thickness also display high loading capacity for DOX drug at 35.6% and 
26.5%, respectively, corresponding to equivalent drug concentration of 0.356 mg/ml and 0.265 
mg/ml in aqueous solution at a concentration of the hybrid nanogels of 1 mg/mL.  
 
 
Figure 5.7 Molecular structures of (a) poly(4-allyanisole), (b) Doxorubicin (DOX), and (c) 
Curcumin, respectively. 
 
Figure 5.8a shows the in vitro release profiles of free curcumin and curcumin loaded in the 
CDs-poly(4-allylanisole)@CDs-PEG-chitosan hybrid nanogels in PBS of pH 6.15 at 37 oC. The 
release experiment was carried out at pH = 6.15 to minimize the hydrolytic degradation of 
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curcumin. The release curve of free curcumin is very fast through the dialysis membrane. 78.1% 
of curcumin was released to the external 0.005 M PBS solutions within 2 h, indicating that the 
effect of dialysis membrane on the release of curcumin was negligible. In contrast, Figure 5.8a 
shows much slower releasing rates of curcumin drug from the core-shell hybrid nanogels (CAE-
1, CAE-2, CAE-3, and CAE-4), which demonstrates the sustained drug releasing property of the 
hybrid nanogels. Interestingly, the increase in the amount of chitosan in the outer nanogel shell 
gradually enhances the release rate of curcumin from the hybrid nanogels. When there is no 
chitosan in the outer-shell of the hybrid nanogels (CAE-1), about 39.9% of loaded curcumin was 
released after 72 h in PBS of pH = 6.15 at 37 °C. For the CAE-4 hybrid nanogels with most of 
chitosan added in the outer-shell, about 65.7% of loaded curcumin was released over 72 h under 
the same conditions. This higher curcumin releasing rate of the hybrid nanogels containing more 
chitosan on the shell could be related to the swelling degree of the nanogel shell. At the releasing 
pH of 6.15, the amine groups on chitosan are protonated and the chitosan chains are positively 
charged. To maintain the charge neutrality of the nanogel shell, the mobile counter-ions cannot 
leave this phase, thus leads to osmotic pressure to push the nanogel shell to swell 62, 63. The more 
chitosan contained in the nanogel shell, the larger the mesh size of the nanogel shell, which 
allows the curcumin molecules trapped in the core to diffuse out faster through the outer shell. 
Figure 5.8b shows the temperature-dependent release of curcumin from the CDs-poly(4-
allylanisole)@CDs-PEG-chitosan hybrid nanogels (CAE-2) at different temperature (22oC, 35 oC, 
37 oC, 39 oC, and 41 oC) but a constant pH = 6.15. While the curcumin molecules are released 
sustainably at all different temperatures, the gradual increase in temperature enhance the 
curcumin releasing rate. For example, 33.6% of loaded curcumin was released from the CAE-2 
hybrid nanogels at 22 oC after 72 h, while 51.5% of loaded curcumin could be released from the 
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same sample at 41 oC under the same other conditions. This observed phenomenon should be 
associated to the thermos-sensitive property of the nonlinear PEG networks in the outer shell. 47 
The increase in temperature leads to the shrinkage of the nonlinear PEG networks, which could 
reduce the diffusion path length of curcumin molecules through the nanogel shell.  
Figure 5.8c shows the pH-dependent release of curcumin from the CDs-poly(4-
allylanisole)@CDs-PEG-chitosan hybrid nanogels (CAE-2) at different pH values at 37 oC. To 
minimize evident degradation of curcumin over time in aqueous phase, slightly acidic pH values 
of 5.15, 5.65, and 6.15 were selected to perform the drug release tests. The results show that the 
sustained releasing rate of curcumin from the hybrid nanogels increases as the pH is decreased. 
About 43.6%, 52.5%, and 63.5% of loaded curcumin were respectively released after 72 h at the 
pH of the releasing medium equals to 5.15, 5.65, and 6.15. This pH-responsive curcumin 
releasing from the core-shell nanogels is associated with the pH-sensitive nanogels shell. The 
decrease of pH value from 6.15 to 5.15 leads to a more completed protonation of the amine 
groups of chitosan chains and a higher positive charge density of the CDs-PEG-chitosan nanogel 
shell.  The highly charged chitosan chain network open up the mesh size, thus the curcumin 
molecules can diffuse out more easily through the outer nanogel shell.   This pH-responsive drug 
release from the designed core-shell hybrid nanogels can potentially facilitate an activation of 
drug release from the nanocarriers in the acidic microenvironments of extracellular tissues of 
tumors and intracellular lysosomes and endosomes 64, 65.  
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Figure 5.8 (a) Releasing profiles of free curcumin and curcumin from the CDs-poly(4-
allylanisole)@CDs-PEG-chitosan hybrid nanogels in PBS of pH = 6.15 at 37 °C, respectively. 
(b)The temperature-dependent releasing profiles of curcumin from the core-shell hybrid nanogels 
(CAE-3) at different temperature (22oC, 35 oC, 37 oC, 39 oC, and 41 oC) at pH = 6.15; (c)The 
pH-dependent releasing profiles of curcumin from the core-shell hybrid nanogels (CAE-3) under 
different pH values (5.15, 5.65 or 6.15) at 37 °C. 
 
5.3.5 Cellular imaging function of the core-shell hybrid nanogels 
As previously discussed, the CDs-poly(4-allylanisole)@CDs-PEG-chitosan core-shell hybrid 
nanogels can emit bright fluorescence when excited with UV-Vis-NIR light. It is expected that 
the small sized core-shell hybrid nanogels containing highly fluorescent CDs can enter into the 
cells and illuminate the cells under excitation of light. To confirm this hypothesis, the CAE-2 
core-shell hybrid nanogels were selected to incubate with the HEK293 cells.  Figure 5.9 shows 
the Z-scan (top-down) confocal fluorescence images of the HEK 293 cells obtained by DAPI dye 
nuclear stain (left column) and by incubation with the CAE-2 hybrid nanogels (right column). 
The weak-to-strong-to-weak changes of the blue fluorescence originated from the nuclei-staining 
DAPI dye indicate the successful top-down layer-by-layer scanning on the cells.  Green 
fluorescence of the HEK293 cells incubated with the hybrid nanogels was observed when 
excited with a blue laser, which should be originated from the CDs in CAE-2 hybrid nanogels. 
The very bright green fluorescence for the middle layers of the HEK293 cells loaded with the 
hybrid nanogels indicated that the hybrid nanogels did enter into the interior of the cells but not 
merely attached on the cell membrane. The results indicate that the synthesized core-shell hybrid 
nanogels can be potentially used as cellular imaging agent and intracellular drug delivery. 
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Figure 5.9 Z-scan (top-down) confocal fluorescence images of the HEK 293 cells obtained by 
DAPI dye nuclear stain (left column) and by incubation with the CAE-2 hybrid nanogels (right 
column). Excitation laser wavelength = 488 nm.  
5.3.6 In vitro cytotoxicity test of the drug-free and drug-loaded hybrid nanogels 
Since CAE hybrid nanogels have extraordinary loading capacity for the anti-cancer drugs 
(curcumin and DOX), we used breast cancer cell line 231BR as model to test the efficacy of the 
drug-loaded CAE nanogels on inhibition of cell growth. The cell viability was determined with 
MTT assays 24 h after being treated with curcumin-loaded hybrid nanogels or 72 h after being 
treated with DOX-loaded hybrid nanogels for 72 h. To minimize the potential aggregation of the 
drug-loaded core-shell CAE hybrid nanogels after ultracentrifugation and a subsequent failure to 
enter into cells of the aggregates, all the CAE hybrid nanogels used in the cytotoxicity 
experiments were not subjected to experienced ultracentrifugation after drug loading. 
Consequently, in the cytotoxicity experiments, all the nanogel samples used to incubate with the 
cells have both nanogel-uploaded drug and unloaded free drug. Based on the pre-determined 
drug loading capacity, the amount of free drug for each of the tested samples can be calculated 
and corrected in the cytotoxicity tests. Figure 5.10 shows the cytotoxicity results on 231BR cells 
after undergoing different treatment, including solvent composition, drug-free nanogels, free 
curcumin, and curcumin-loaded CAE core-shell hybrid nanogels. Clearly, the drug-free CAE 
core-shell nanogels at a concentration of 50 ug/mL has no cytotoxicity on 231BR cancer cells 
(Figure 5.10 a) at all the tested pH values (6.8, 7.1 and 7.4). The CAE hybrid nanogels are also 
nontoxic to the non-cancerous HEK 293 cells (data not shown). Because ethanol was used to 
dissolve the hydrophobic curcumin molecules in the initial curcumin stock solutions, a low 
concentration of ethanol at about 0.5~2 % would remain in the cell culture medium according to 
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the total curcumin concentration (5~20 ug/mL). For this reason, we also tested the effects of 
ethanol in this concentration range on the cell growth at different pH values. The result showed 
ethanol did not have obvious influence on 231BR cell growth at the concentration below 1% 
either in the absence (Figure 5.10b) or in the presence (Figure 5.10c) of the drug-free CAE-2 
hybrid nanogels (20 ug/mL). However, ethanol is a non-solvent for chitosan and it may induce 
shrinkage of the CDs-PEG-chitosan nanogel shell in the CAE core-shell hybrid nanogels, which 
can in turn affect drug release. To minimize the influence from ethanol, the final concentration of 
ethanol was always adjusted to 1% in the culture medium when curcumin was used for tests no 
matter in free state or loaded in nanogel carriers. 
The amount of each curcumin-loaded CAE nanogels was calculated to achieve 5 ug/mL of 
initial free curcumin in the culture medium. Considering that curcumin has near-linear dose-
response relationship in the range of 5~15 ug/mL (Figure 5.10d), by comparing the effect of 5 
ug/mL of free curcumin and that of the mixed curcumin (curcumin loaded in CAE nanogels plus 
5 ug/mL of initial free curcumin), it is easy to tell whether significant amount of curcumin was 
released or not from the nanogel carriers. Furthermore, by comparing the cell growth inhibition 
caused by the free curcumin drug and by the mixed curcumin drug at the same dose (Table 5.3), 
the relative efficacy of the loaded drug to the free drug can also be determined. In the presence of 
5 ug/mL of free curcumin, the drug-free CAE nanogels (Figure 5.10e) did not show any 
additional cytotoxicity at all the tested pH values (6.8, 7.1 and 7.4), indicating that CAE hybrid 
nanogels do not work interactively with free curcumin in the medium containing 1% ethanol to 
affect cell growth. However, when loaded with curcumin (Figure 5.10f), all of the four CAE 
hybrid nanogels were able to inhibit cell growth to a further extent, demonstrating the release of 
curcumin from CAE hybrid nanogels. Moreover, it’s worth to note that the growth inhibition by 
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the curcumin-loaded CAE nanogels against 231BR cells was pH dependent in a physiological 
pH range from 7.4 to 6.8 (Figure5.10f and Table 5.3). In the culture medium of pH 7.4, all the 
curcumin-loaded CAEs showed therapeutic efficacy comparable to or higher than the free drug 
(Table 5.3). The more the chitosan in the nanogel network shell, the higher the cell growth 
inhibition efficacy of the hybrid nanogels compared to the free drug. The better efficacy implied 
better drug release, which was in consistent with the result from the in vitro drug release 
experiment (Figure 5.8a). Surprisingly, when the pH value of the medium was slightly decreased 
to 7.1, the therapeutic efficacy of curcumin-loaded CAE-2, CAE-3, and CAE-4 significantly 
increased, while the therapeutic efficacy of curcumin-loaded CAE-1 with no chitosan in the 
nanogel shell and free curcumin was not altered. Further lowering the pH to 6.8 of the medium, 
all the curcumin-loaded CAE core-shell hybrid nanogels  as well as the free curcumin show 
enhanced cell growth inhibition efficacy (Figure 5.10f and Table 5.3) compared to those 
obtained at pH = 7.4. It is not surprising that curcumin had better efficacy in the acidic medium 
(pH 6.8) since curcumin is highly unstable in the neutral solution. The slight pH-dependent 
therapeutic efficacy of the curcumin-loaded CAE-1 is very likely from the curcumin itself after 
released from the nanogels. The observed pH-dependent therapeutic efficacy of the curcumin-
loaded CAE hybrid nanogels can be attributed to two factors. One is the pH-dependent stability 
of the curcumin drug. Curcumin molecules degrade quickly at neutral or basic pH, but stable in 
in acidic medium  Another is the pH-sensitive chitosan chain network in the nanogels shell, 
which could enhance the release rate of the loaded drug when pH is lowered to increase the 
charge density of chitosan chain networks.  
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Table 5.3 Cell growth inhibition efficacy of the free curcumin and curcumin-loaded  
                 CAE-2 hybrid nanogels 
PERCENT CELL VIABILITY % 
Curcumin Dose ug/mL 0 6.76 7.87 9.26 10.2 
free drug pH 7.4 100 84.36 77.05 54.58 41.63 
  pH 7.1 100 85.54 77.39 55.90 43.14 
  pH 6.8 100 74.05 62.15 37.77 24.27 
CAE-1 5.20 +5 pH 7.4 
    
49.55 
  pH 7.1 
    
48.02 
  pH 6.8 
    
38.01 
CAE-2 4.26 +5 pH 7.4       50.29   
  pH 7.1 
   
25.86   
  pH 6.8       23.27   
CAE-3 2.87 +5 pH 7.4 
  
67.97 
 
  
  pH 7.1 
  
47.31 
 
  
  pH 6.8 
  
38.37 
 
  
CAE-4 1.76 +5 pH 7.4   63.91       
  pH 7.1 
 
54.44 
  
  
  pH 6.8   46.95       
 
 
 
 
 
 
 
 
Chapter 5 
189 
 
  
  
  
Figure 5.10  Cytotoxicity of 231BR cells after being treated with different formula, including 
solvent (buffer with small amount of ethanol), drug-free CAE nanogels, free curcumin, and 
curcumin-loaded CAE core-shell hybrid nanogels. 
 
The efficacy of DOX-loaded CAE-2 nanogels was also evaluated with the same method as for 
curcumin-loaded CAE nanogels except there was no ethanol in the medium because the DOX 
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stock solution could be made in PBS buffer solution. As shown in Figure 5.11a, the therapeutic 
efficacy of DOX drug was dramatically enhanced (Figure 5.11a) when encapsulated in the CDs-
poly(4-allylanisole)@CDs-PEG-chitosan core-shell hybrid nanogels (CAE-2). At the dose of 0.1 
ug/mL, the partially (25%) loaded DOX in the nanogels was able to inhibit 231BR cell growth to 
a comparable level by 0.25 ug/mL of free drug, indicating that 0.025 ug/mL of encapsulated 
DOX had similar therapeutic efficacy as 0.175 ug/mL of free DOX. Furthermore, there were still 
a small amount of cancer cells remaining survived after 3 days of treatment with even a high 
dose (i.e. 1.0 ug/mL) of free DOX (Figure 5.11b). In contrast, at the same total DOX dose of 1.0 
ug/mL but from a mixture with 0.25 ug/mL of DOX encapsulated in the CAE-2 hybrid nanogels 
plus 0.75 ug/mL free DOX could kill almost all the cancer cells. These results demonstrated that 
the CAE-2 hybrid nanogels could protect the activity of the encapsulated drug and carry the drug 
into the intracellular region successfully and hence enhance the drug therapeutic efficacy.  
  
Figure 5.11  (a) Efficacy of free DOX and DOX-loaded CAE2 nanogels 
 
5.4 Conclusion 
Highly fluorescent CDs can be successfully complexed into polymer nanogels via specially 
designed secondary force interactions. A core-shell structured hybrid nanogels composed of a 
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hydrophobic CDs-poly(4-allylanisole) hybrid nanogel as core and temperature-/pH-dual 
responsive CDs-PEG-chitosan nanogel as shell can be synthesized in aqueous phase based on the 
precipitation polymerization of nonlinear PEG monomers complexed with CDs and chitosan. 
The nanogel shell thickness can be easily tuned by feeding different amount of chitosan chains 
during the synthesis of shell. The resultant core-shell hybrid nanogels possess nearly 
monodispersed size distribution and emit bright fluorescence in a broad excitation wavelength 
range from UV to NIR light, proving the successful immobilization of CDs in the nanogels. The 
hybrid nanogels exhibit dual-responsive volume phase transitions with the most distinct volume 
change occurring from temperature of 30 to 36 and pH of 5.0 to 6.5. The resultant CDs-poly(4-
allylanisole)@CDs-PEG-chitosan hybrid nanogels was able to enter into cells and light up the 
interior of cells benefited from the bright fluorescence of CDs embedded in the nanogel. The 
core-shell hybrid nanogels with poly(4-allylanisole) network core display very high drug loading 
capacities for the extremely hydrophobic curcumin because of the rationally designed - 
stacking and hydrophobic association between curcumin molecules and the anisole units, which 
can be also extended to load other hydrophobic drug such as DOX at high capacities.  The core-
shell hybrid nanogels are nontoxic to cells, but can carry high dose of drug into cancer cells and 
release them in a sustained manner to kill cancer cell effectively. Compared to the same dose of 
free drugs, the drugs encapsulated in the core-shell nanogels provide a much high therapeutic 
efficacy against cancer cells. This result should be attributed to two factors. One is that the core-
shell hybrid nanogel can protect the drug from degradation and thus maintain the high drug 
activity. Another is that the nanogel can carry the drugs into cells and release them in the 
intracellular area and thus kill cancer cell effectively. Such designed core-shell hybrid nanogels 
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with fluorescent cellular imaging ability, high drug loading capacity, and triggerable drug release 
provide a great promise for development of multifunctional highly efficient drug nanocarriers. 
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Summary 
Nowadays, polymer has already been widely used in many areas. And its potential 
applications also have attracted a lot of attention. Due to some properties of polymers like 
hydrophobicity and hydrophilicity, polymers can form different morphologies by self-assembly. 
Here, amphiphilic block copolymer Pluronic P123 was successfully used to form templates of 
bicontinuous cubic KIT6 silica. Two different method was developed based on Pluronic P123 as 
templates. The pore volume and pore size were largely increased (Chpaters 2 and 3). In addition, 
responsive polymer composites poly(VPBA-AAm)-CDs and CDs-PAAS@CDs-PEG-chitosan 
were developed to form nanoparticles which were able to deliver drugs and light up cells 
(Chapters 4 and 5). 
 
